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Perchloroethene (PCE) and trichloroethene (TCE) are two of the most commonly 
used chlorinated solvents around the world. These compounds and their dechlorination 
daughter products have become the most prevalent organic contaminants found in a 
majority of hazardous waste sites in the United States.  Since implementation of 
traditional remediation methods would cost hundreds of billions of dollars, there has been 
tremendous interest in bioremediation as a low cost alternative to achieving remedial 
goals.  Anaerobic reductive dechlorination is the most prevalent form of bioremediation 
in most locations.  The ultimate daughter products from reductive dechlorination of PCE 
and TCE are ethene and ethane, which are non-hazardous.  However, at many hazardous 
waste sites, the sum of the daughter products often does not account for the amount of 
PCE and TCE consumed.  At least two explanations have been offered for this 
phenomenon.  First, downgradient sampling of plumes may not be accurately 
representing where the plume is.  Second, it is possible that the lesser chlorinated 
products, in particular vinyl chloride (VC) and ethene, could be undergoing anaerobic or 
aerobic oxidation.  If this occurs, CO2 and Cl- are the major daughter products.  While 
both are nonhazardous, it is far more difficult to show that these compounds were formed 
from VC and ethene, rather than other compounds. 
An alternative pathway is bio-oxidation.  In this case, the chlorinated ethenes 
and/or ethene are used as an electron donor and are oxidized to CO2, biomass, and Cl- 
(except with ethene).  For the chlorinated ethenes, only cis-1,2-dichloroethene (cDCE) 
and VC have been shown to undergo anaerobic oxidation; there are no reports of 
anaerobic oxidation of PCE or TCE.  Bio-oxidation of ethene has been well documented 
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for aerobic conditions, while there is only one report of ethene bio-oxidation under 
sulfate-reducing conditions.  Furthermore, almost nothing is known about the microbes 
responsible for anaerobic oxidation of cDCE, VC and ethene.   
The overall objective of this research was to culture and ultimately isolate and 
characterize microbes that are capable of using VC or ethene as a sole source of carbon 
and energy by anaerobic oxidation.  To accomplish this objective, four types of cultures 
were used: 1) Microcosms that were started in a previous project were continued as part 
of this thesis research, with the objective of determining the fate of [14C]VC and 
[14C]ethene; 2)  One of the nitrate-amended microcosms that was previously developed 
exhibited presumptive anaerobic biodegradation of VC; it was used as an inoculum for 
preparation of transfer cultures, with the objective of developing a VC-oxidizing 
enrichment culture under nitrate-reducing conditions; 3) A new set of microcosms was 
prepared with sediment and groundwater from a wetland at the Savannah River Site in 
which a plume of TCE discharges and undergoes reductive dechlorination to ethene and 
ethane.  This is the same location that was used to develop microcosms that reduced 
ethene to ethane, a subset of which was sent to the University of Toronto, where evidence 
was obtained for transformation of ethene to methane.  The objective for this research 
was to replicate the results for ethene transformation to methane; and 4)  A sulfate-
reducing enrichment culture developed by Fullerton and Zinder at Cornell University was 
used to evaluate the fate of [14C]ethene, with the objective of determining the extent of 
mineralization and/or transformation to organic acids.   
The experiments performed during this research with the Cornell culture 
unequivocally demonstrated that it mineralizes ethene under anaerobic conditions, with 
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nearly 90% of the [14C]ethene recovered as 14CO2.  This is the first culture developed 
with the ability to anaerobically grow on ethene as its sole carbon and energy source.  
The Cornell culture provides an opportunity to make a significant breakthrough in 
developing methods to evaluate the extent of in situ anaerobic oxidation of ethene. 
Bio-oxidation of VC was observed in a number of microcosms, with activity 
sustained for the longest period of time in a treatment amended with nitrate.  Bio-
oxidation also occurred in an enrichment culture inoculated with one of the microcosms.  
However, the results are considered equivocal, due to uncertainty over the potential role 
of oxygen contamination, most likely via diffusion through the serum bottle septa.  
Several lines of evidence support the hypothesis of oxygen contamination, including bio-
oxidation of methane (an uncommon anaerobic process) along with VC, and oxidation of 
nitrite to nitrate (not known to occur under anaerobic conditions) in several of the 
enrichment bottles.  On the other hand, oxygen contamination seems improbable, 
considering that the bottles were incubated in an anaerobic chamber over the interval 
when VC biodegradation occurred.  Also, the rate of VC biodegradation was often much 
faster than would be expected if oxygen was diffusing into the bottles at a slow rate.  If 
anaerobic bio-oxidation did occur, it remains uncertain what the electron acceptor was (or 
it fermentation occurred), since bio-oxidation occurred in enrichment bottles that were 
not amended with nitrate or nitrite, as well as in ones that were amended with nitrate.  
Additional research is needed to conclusively determine the role of oxygen in the 
observed oxidation of VC.   
Over this course of this thesis research and prior studies on the same topic by 
students at Clemson University, hundreds of microcosms were prepared with soil and 
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groundwater from ten sites, and usually multiple locations from these sites, to evaluate 
the potential for anaerobic oxidation of VC and ethene.  The most common results, 
confirmed in this study, were either no activity or reduction occurred (i.e., VC to ethene, 
and ethene to ethane).  A few of the bottles showed signs of anaerobic oxidation, but 
conclusive evidence for this process has not yet been obtained, with the exception of the 
Cornell ethene oxidation culture.  Numerous variations in microcosm preparation were 
attempted, but none resulted in reliable oxidative activity.  Taken together, these results 
suggest, to the extent that anaerobic oxidation does occur in situ, it is not an especially 
common process.  An alternative explanation is that the process is common, but the 
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1 1.0 INTRODUCTION 
 Chlorinated solvents came into existence just over a 100 years ago, and became 
widely used in the 1940’s (42). The non-flammable and non-corrosive properties of these 
compounds make them highly suitable for industrial and commercial purposes such as 
cleaning, electronics, and dry cleaning clothes. The fate of halogenated organic 
compounds in groundwater has been an area of intense study in the past few decades. In 
the United States alone, there are over 20,000 uncontrolled and abandoned waste sites 
and landfills, which are the major causes of contamination (45). The most commonly 
used of the chlorinated solvents are perchloroethene (PCE) and trichloroethene (TCE), 
which often find their way into groundwater, leading to contamination (42). These 
chlorinated solvents are highly resistant to abiotic and biotic degradation, resulting in 
their persistence in the environment. Bioremediation of these chlorinated compounds 
requires the aid of specialized microorganisms to sequentially remove the chlorine atoms, 
resulting in the less chlorinated daughter products, cis-1,2-dichloroethene (cDCE), vinyl 
chloride (VC), ethene and ethane, with VC being the most toxic of the chlorinated 
ethenes (30). 
 VC is a sweet smelling and colorless gas that is derived from the breakdown of 
TCE and PCE. For industrial purposes, VC is formed by the reaction of acetylene or 
ethylene with hydrochloric acid (39). It is used in the manufacture of numerous products 
for the construction and automotive sectors, electrical wire insulation and cables, piping, 
industrial and household equipment, and medical supplies; it is also heavily used in the 
rubber, paper, and glass industries (39).  
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 According to the United States Environmental Protection Agency, 15 billion 
pounds of VC monomer was produced in the U.S. in 1995 (45). Approximately 500,000 
pounds of VC was released or disposed as waste in 2005 (46). Since VC is a proven 
human carcinogen (46), it is imperative to study and procure less costly and more 
efficient methods such as bioremediation for the treatment of hazardous waste sites. 
 The most common pathway for biodegradation of chlorinated ethenes is 
sequential reductive dechlorination, which involves the replacement of chlorine atoms 
with hydrogen atoms (43).  Complete dechlorination to ethene and/or ethane is essential, 
since the chlorinated daughter products pose a similar or greater health risk.  When 
chlorinated solvents serve as a terminal electron acceptor via reductive dechlorination, 
the process is referred to as organohalide respiration.  Other names for this process 
include halorespiration, chlororespiration, and dechlororespiration. Reductive 
dechlorination is also possible by cometabolic processes, in which the compounds are 
transformed without a direct growth-linked benefit.  However, metabolic biodegradation 
offers several key advantages, including better kinetics and lower risks associated with 
excessive biomass growth that can lead to aquifer clogging. 
 An alternative pathway is bio-oxidation.  In this case, the chlorinated ethenes 
and/or ethene are used as an electron donor and are oxidized to CO2, biomass, and Cl- 
(except with ethene).  For the chlorinated ethenes, only cDCE and VC have been shown 
to undergo anaerobic, as well as aerobic, oxidation (42); there are no reports for 
anaerobic oxidation of PCE or TCE.  Bio-oxidation of ethene has been well documented 
for aerobic conditions (14, 48), while there is only one report of ethene bio-oxidation 
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under sulfate-reducing conditions (6).  Furthermore, almost nothing is known about the 
microbes responsible for anaerobic oxidation of cDCE, VC and ethene.   
 Regardless of the pathway, a key aspect of successfully implementing in situ 
bioremediation is to document that the contaminants have actually undergone 
biodegradation.  In general, a decrease in concentration over time and space may not 
provide sufficient evidence that biodegradation is occurring.  For example, decreases in 
concentration may be a consequence of locating monitoring wells in the wrong locations, 
i.e., the contaminants may still be present and even moving downgradient, yet 
information from incorrectly placed wells may suggest that the contaminants are 
decreasing in concentration.  With chlorinated ethenes, a direct way to document 
biodegradation via reductive dechlorination is to perform a mass balance: one mole of 
daughter products is expected for each mole of parent compound consumed.  This has 
been demonstrated at some sites, whereby the moles of ethene formed is reasonably close 
to the moles of chlorinated ethenes consumed (32, 36).   However, there are numerous 
reports of decreases in the chlorinated ethenes without a commensurate increase in ethene 
(or ethane).  This has raised the prospect that the chlorinated ethenes and/or ethene have 
undergone biodegradation by an oxidative process, rather than a reductive one.   
 The reductive dechlorination products from PCE and TCE provide a unique 
signature, which demonstrates that in situ biodegradation has occurred, since there are no 
significant alternative sources for cDCE, VC and ethene.  In contrast, the main products 
from bio-oxidation of chlorinated ethenes and ethene (CO2, Cl- and biomass) are not 
unique.  Carbon dioxide and biomass can be formed from many different types of organic 
compounds.  Relying on chloride to demonstrate a mass balance in situ is usually 
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impractical, since the amount of chloride released is often dwarfed by the background 
concentration.  The question that arises is how to document the occurrence of in situ bio-
oxidation of chlorinated ethenes and/or ethene.  Documenting bio-oxidation will likely 
require that much more is known about the process, including the microbes responsible. 
 Thus far, most of the evidence for anaerobic oxidation has come from laboratory 
studies that have employed 14C-labeled cDCE, VC or ethene.  The following sections 
provide an overview what has been reported about anaerobic bio-oxidation of cDCE, VC, 
and ethene, organized according the researchers who have performed the work.  Table 1.1 
summarizes the findings.    
1.1 Results from Vogel and McCarthy 
 Using anaerobic continuous-flow fixed-film columns, Vogel and McCarty (50) 
observed reductive dechlorination of [14C]PCE to TCE, cDCE and VC.  At the time, it 
was not yet recognized that VC could be further reduced to ethene, so they did not 
monitor for ethene.  They did, however, detect 14CO2 in the column effluent and this 
became the first report suggesting the potential for anaerobic oxidation of chlorinated 
ethenes.  It was unclear, however, which of the compounds was undergoing oxidation.  
To evaluate this, they added unlabeled VC to dilute the concentration of labeled VC; this 
resulted in a reduction in the concentration of l4CO2 exiting the column.  On this basis, 
they concluded that PCE was stoichiometrically reduced to VC, which then underwent 
partial oxidation.  This pathway was subsequently published in a review article (49).  The 
discovery several years later by Freedman and Gossett (18) that VC undergoes reduction 
to ethene raises the possibility that ethene was mineralized rather than VC.   
 5 
1.2 Results from Bradley, Chapelle and Colleagues 
 Nearly one decade after the report of anaerobic VC mineralization by Vogel and 
McCarty (50), Bradley, Chapelle and colleagues produced an extensive number of 
publications that reported anaerobic mineralization of cDCE, VC and ethene.  In one of 
their earlier studies, Bradley and Chapelle (9) investigated the microbial mineralization of 
DCE isomers and VC under different electron accepting conditions. They documented 
the production of 14CO2 from [14C]DCE (a mixture of cis- and trans-) and [14C]VC in 
microcosms constructed with  aquifer and creek bed sediment, under aerobic, Fe(III)-
reducing, sulfate-reducing, and methanogenic conditions. Although, they observed 
mineralization under all conditions, there were variations in the extent. The highest 
percentage recovery of 14CO2 after a 50 day incubation period was observed under 
aerobic conditions: 64% in the aquifer microcosms and 100% in bed sediment 
microcosms. Approximately 21% recovery of 14CO2 was reported for Fe(III)-reducing 
and sulfate-reducing conditions in the aquifer microcosms. A higher recovery occurred in 
the bed sediment microcosms; 70% under Fe(III)-reducing conditions and 52% under 
sulfate-reducing conditions. The least mineralization was observed in the methanogenic 
aquifer microcosms (9%, which was not significantly different from the killed controls).  
In the companion treatment with bed sediment, 39% mineralization was observed.   
 Bradley and Chapelle (9) tested the hypothesis that the mineralization of VC was 
not coupled to methanogenesis. They showed that addition of humic acids to microcosms 
stimulated the rate of [14C]VC mineralization and inhibited methanogenesis, suggesting 
that VC oxidation is not coupled to methanogenesis. AQDS, an analogue for humic acids, 
was provided as a terminal electron acceptor. They observed a 91% recovery of 14CO2 in 
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50 days, with about an 80% reduction in methane production. Reduction of oxidized 
AQDS to reduced AQDS was demonstrated. 
 Bradley and Chapelle (5) also showed that methane production is a possible 
product of VC oxidation. Using radiometric detection headspace analysis, they observed 
that radiolabeled TCE and VC were biodegraded to 14CH4. TCE was reductively 
dechlorinated to VC, which was then fermented to acetate (oxidative acetogenesis).  
When methanogenesis was not inhibited, the labeled acetate was fermented to 14CH4 + 
14CO2 by acetotrophic methanogens. When methanogenesis was inhibited by addition of 
bromoethanesulfonate (BES), 14C-acetate accumulated.   
 In their study on mineralization of ethene under sulfate reducing conditions, 
Bradley and Chapelle (6) developed microcosms with lake-bed sediment from the Naval 
Weapons Industrial Reserve Plant in Dallas, Texas.  [14C]ethene was mineralized to 
14CO2.  These results offered a potential explanation for the lack of ethene accumulation 
at sites where chlorinated ethenes undergo reductive dechlorination but the level of 
ethene is inadequate to explain complete dechlorination.  Nevertheless, no information 
was provided about the microbes responsible.  Without such information, it will be 
difficult to develop tools that can be used for documenting in situ anaerobic 
mineralization of ethene.   
1.3 Results from Chang and Colleagues 
 Chang et al. (12) investigated the possibility of anaerobic degradation of cDCE by 
microorganisms from a variety of sources, including drainage ditches, lakes, rivers, and 
ponds receiving landfill leachate. During a month of incubation in microcosms, 19 of the 
80 samples tested were capable of degrading 10 µM of cDCE without accumulation of 
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VC, ethene or ethane.  A sample collected at a landfill area located in Nanji-do, Seoul, 
Korea, exhibited the highest extent of cDCE removal and it was used to create 
subcultures, to evaluate cDCE degradation under Fe(III) reducing, sulfate reducing, and 
methanogenic conditions.  The greatest extent of cDCE consumption occurred under 
Fe(III) reducing conditions, followed by sulfate reducing conditions and methanogenic 
conditions. Subcultures were capable of degrading cDCE and VC in the presence and 
absence of Fe(III), suggesting the activity is not directly coupled to Fe(III) reduction.  A 
major shortcoming of this study was the lack of evidence for mineralization, since 14C-
labeled cDCE and VC were not used.   
1.4 Results from Hata and Colleagues 
 A year after Chang and colleagues published their findings, Hata et al. (24) 
replicated their work, using sediment samples collected from the same landfill in Nanji-
do, Seoul, Korea. They also developed an anaerobic Fe(III) reducing enrichment culture 
capable of degrading cDCE and VC, without accumulation of ethene. Although the 
apparent mineralization of cDCE and VC occurred under Fe(III) reducing conditions, the 
activity was not linked to Fe(III) reduction, but rather depended on consumption of 
glucose. Hata et al. (24) speculated that consumption of cDCE was an oxidative process, 
rather than reductive, since cDCE was degraded 3.5 times faster than VC, and VC and 
ethene did not accumulate.  A major shortcoming of this study was the lack of direct 
evidence for mineralization, since 14C-labeled cDCE and VC were not used. 
 In a subsequent study, Hata et al. (23) isolated Clostridium saccarobutylicum 
strain DC1 from the anaerobic enrichment culture that grew on glucose.  Following 
growth on glucose, strain DC1 consumed cDCE and VC, indicating the activity was 
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cometabolic.  Measurement of chloride ions was used to demonstrate stoichiometric 
degradation of cDCE.  The significance of this finding must be viewed in light of the fact 
that the culture was grown on 10 g/L of glucose but consumed only ~40 µM cDCE and 
20 µM VC; use of such a high dose of glucose would be impractical for in situ 
application.   
1.5 Results from Freedman and Colleagues 
 Freedman and colleagues at Clemson University have worked on several projects 
on anaerobic oxidation of chloroethenes. The results of these investigations have been 
described in M.S. theses by Cline (13), Pickens (40), High (28), and Reid (41).  Part of 
the research reported in this thesis is a continuation of the work started by Reid (41). 
Their findings are summarized below.   
 A Superfund site in Southern California was contaminated with TCE and DCM. 
Field data indicates TCE has undergone reduction, with accumulation of cDCE and VC. 
However, cDCE and VC have attenuated without accumulation of ethene, which 
suggested anaerobic oxidation may be occurring. The microcosm studies by Cline (13) 
and Pickens (40) were designed to evaluate the possibility of anaerobic oxidation. Cline 
(13) worked with samples near the source area, whereas Pickens (40) evaluated samples 
taken further downgradient.  
 Cline (13) found no evidence of anaerobic oxidation of cDCE, however, she did 
observe (presumptive) anaerobic oxidation of VC in two microcosms that were amended 
with [14C]VC;  27-48% of the [14C]VC was recovered as 14CO2. Cline (13) then 
transferred samples from the microcosms to fresh groundwater, to reduce the amount of 
soil present.  Approximately 70% of the [14C]VC added was recovered as 14CO2. 
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Repeated additions and consumptions of VC in the microcosms suggested utilization of 
VC as a growth substrate, however, the process was not conclusively linked to a specific 
terminal electron acceptor.    
 Pickens (40) had similar results with the downgradient microcosms.  One of the 
18 bottles exhibited (presumptive) anaerobic oxidation of VC, i.e., consumption of VC 
without accumulation of ethene or ethane.  This was confirmed by recovery of 14CO2 
from [14C]VC.  Transfer of samples to fresh groundwater also exhibited oxidative 
behavior.  However, for unknown reasons, the rate of VC degradation slowed overtime 
and ended before the terminal electron acceptor conditions could be determined.   
 Although the results from Cline (13) and Pickens (40) were promising in terms of 
demonstrating anaerobic oxidation of VC, an alternative explanation could not be ruled 
out:  oxygen contamination.  Although the microcosms and transfer cultures were 
prepared in an anaerobic chamber, it is conceivable that oxygen diffused in through the 
septa.  Although resazurin was added as a redox indicator, both Cline (13) and Pickens 
(40) neglected to document the color of the microcosms during the period when VC was 
consumed.  Also, neither measured the concentration of oxygen.  The concern over 
oxygen contamination is heightened by an elegant study by Gossett (22).  Using 
permeation tubes to slowly deliver oxygen to microcosms, Gossett (22) demonstrated 
biodegradation of VC at oxygen levels that were too low to measure.  This is a 
consequence of the very high affinity of aerobic bacteria that are known to grow on VC 
as their sole carbon and energy source (14).  This result places a high burden of proof on 
demonstrating that VC bio-oxidation occurs under truly anaerobic conditions.  Further 
uncertainty in the results from Cline (13) and Pickens (40) is based on a study by 
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Fullerton et al. (20), who constructed a clone library with samples from one of the 
transfer cultures from Cline (13).  The most prominent microbe in the library was a 
Mycobacterium, which is one of the genera best known for their ability to grow on VC 
under aerobic conditions, and have an extremely high affinity for oxygen (meaning they 
can continue to biodegrade VC even at very low levels of oxygen).  Anaerobes were also 
present in the library, although at lower concentrations.     
 Several years later, with funding from the Strategic Environmental Response and 
Development Program (SERDP), High (28) and Reid (41) investigated anaerobic bio-
oxidation of VC in samples obtained from six sites where field evidence suggested that 
anaerobic oxidation of VC may be occurring. One of these sites was the same as the site 
evaluated by Cline (13) and Pickens (40).  High (28) prepared and monitored 470 
microcosms. Despite this broad level of coverage, no evidence was found for anaerobic 
oxidation of VC, although VC reduction to ethene was observed in many of the 
microcosms.  
 Reid (41) prepared and monitored 83 microcosms and did observe presumptive 
evidence for anaerobic bio-oxidation of VC and ethene.  However, as was the case with 
the results from Cline (13) and Pickens (40), the results from Reid (41) were not 
considered conclusive, due to concerns over the potential role of oxygen contamination, 
including apparent detection of trace levels of oxygen by analysis of headspace samples.  
Nonetheless, presumptive anaerobic oxidation of ethene was observed in microcosms 
amended with Fe(III), Fe(III) chelated with ethylenediaminetetraacetic acid (EDTA), and 
in a chlororespiring enrichment culture amended with sulfate. When compared to bio-
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oxidation of VC, the rate of ethene oxidation was slower, but with a higher level of 
confidence that the activity was anaerobic. 
1.6 Results from Edwards and Colleagues 
 Carbon specific isotope analysis (CSIA) is a relatively new approach to 
evaluating in situ biodegradation of organic contaminants, including chlorinated ethenes.  
Each biodegradation process (e.g., reductive dechlorination) leaves a unique “signature” 
in terms of enrichment of the δ13C isotope.  Measuring a similar level of enrichment in 
field samples is being used to document the occurrence of biodegradation.  One prospect 
for the lack of mass balances seen in the field is reduction of ethene to ethane, which is 
not as frequently monitored as ethene.  Edwards and colleagues (38) measured the δ13C 
enrichment factor for reduction of ethene to ethane, using anaerobic microcosms 
developed at Clemson University with soil and groundwater from the Twin Lakes 
wetland at the Savannah River Site (SRS).  In the process of enriching the microcosms 
for their ethene reduction capability, Johnson (29) (a M.S. candidate in the laboratory of 
Dr. Edwards and Dr. Sherwood-Lollar) observed in several bottles that ethene was 
consumed without a commensurate increase in ethane.  Instead, methane accumulated, 
and enrichment factors of -9.2±1.3l to -4.8±1.3l were measured, which is in agreement 
with published values for concerted breaking of a carbon double bond. Upon calculating 
the kinetic isotopic effect from the enrichment factors, their findings suggested the 
breakage of the carbon double bonds of ethene during the anaerobic biodegradation 
process, yielding methane and CO2.  Nevertheless, additional information about the 
culture has not yet been reported.  Without a stable enrichment culture, it will be difficult 
to develop tools (including CSIA) that can be used to document in situ anaerobic 
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biodegradation of ethene.   The findings of Johnson (29) served as motivation for 
preparing new microcosms from SRS as part of the research for this thesis, with the intent 
of replicating the observation of ethene consumption without ethane formation.   
1.7 Results from Fullerton and Zinder 
 Working on the same SERDP project as Freedman and colleagues, Fullerton and 
Zinder set out to evaluate anaerobic oxidation of ethene.  One of the microcosms they 
prepared under sulfate reducing conditions started consuming ethene without 
accumulation of ethane.  The culture has been transferred five times to mineral salts 
medium and has maintained its activity on ethene.  This is the first known evidence for 
anaerobic oxidation of ethene in an enrichment culture; publications on their results are 
forthcoming.  In collaboration with their work, samples of the culture were sent to 
Clemson University to determine the fate of ethene using 14C-labeled material.  That 
work will be described as part of this thesis.   
1.8 Anaerobic Oxidation of Methane 
 Anaerobic biodegradation of methane is not the subject of this thesis.  
Nevertheless, its fate under anaerobic conditions deserves mention.  Until recently, it was 
thought that methane does not biodegrade under anaerobic conditions.  This was 
consistent with the more general perception that many types of hydrocarbons are stable in 
the absence of oxygen.  However, it is increasingly recognized that anaerobic oxidation 
of methane does occur.  Most of this attention has focused on the role of sulfate reducing 
bacteria and Archaea (47).  More recently, Ettwig et al. (16, 17) demonstrated the 
coupling of methane oxidation to denitrification, with nitrite serving as the electron 
acceptor. Using a diverse community of NC10 bacteria from sediment in a eutrophic 
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ditch, they observed methane oxidation coupled to nitrite reduction to N2 in a continuous 
flow bioreactor (17).  They subsequently showed that during nitrite reduction, O2 and N2 
are formed from NO, and the O2 is used by a monooxygenase to initiate oxidation of 
methane (16).  Thus, although the process is anaerobic, it involves the generation of 
oxygen that is required for monooxygenase oxidation of methane.  The findings from 
Ettwig et al. (16, 17) formed the basis for several of the experiments performed for this 
thesis.   
1.9 Summary 
 In spite of numerous reports from laboratory studies that anaerobic oxidation of 
cDCE, VC and ethene occurs, information about the microbes responsible is still not 
available.  Consequently, virtually nothing is known about the pathways used to 
accomplish anaerobic bio-oxidation.  Fundamental information about the microbes 
responsible is needed in order to develop diagnostic tools that can be employed in situ to 
demonstrate if bio-oxidation is actually occurring.  The on-going work by Fullerton and 
Zinder is the most promising thus far towards development of a culture that reliably 
grows via bio-oxidation of ethene.  The fact that others have isolated microbes capable of 
anaerobic oxidation of methane provides further motivation that the same type of activity 
should be possible for compounds like ethene and VC.   
1.10 Research Objectives and Approach 
 The research presented in this thesis is an extension of previous work at Clemson 
University on anaerobic bio-oxidation of VC and ethene.  The overall objective was to 
culture and ultimately isolate and characterize microbes that are capable of using VC or 
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ethene as a sole source of carbon and energy by anaerobic oxidation.  To accomplish this 
objective, four types of cultures were used:   
 1)  Microcosms that were started by Reid (41) were continued as part of this 
thesis research, with the objective of determining the fate of [14C]VC and ethene that 
Reid had added;  
 2)  One of the nitrate-amended microcosms developed by Reid (41) that exhibited 
presumptive anaerobic biodegradation of VC was used as an inoculum for preparation of 
transfer cultures, with the objective of developing a VC-oxidizing enrichment culture 
under nitrate-reducing conditions;   
 3)  A new set of microcosms was prepared with sediment and groundwater from a 
wetland at the Savannah River Site in which a plume of TCE discharges and undergoes 
reductive dechlorination to ethene and ethane.  This is the same location that was used to 
develop microcosms that reduced ethene to ethane, and a subset of which was sent to the 
University of Toronto, where evidence was obtained for transformation of ethene to 
methane.  The objective was to replicate the results for ethene transformation to methane; 
and   
 4)  The sulfate-reducing enrichment culture developed by Fullerton and Zinder 
was used to evaluate the fate of [14C]ethene, with the objective of determining the extent 




2 2.0 MATERIALS AND METHODS 
 The main focus for the research described in this thesis was to develop 
enrichment cultures capable of anaerobically oxidizing VC and ethene.  This thesis is an 
extension of research on the same topic by Reid (41). In addition, new microcosms were 
developed in an attempt to replicate the ethene biodegradation results reported by 
Johnson (29), and to confirm the oxidation of [14C]ethene by a novel sulfate reducing 
culture developed by Fullerton and Zinder.  The experimental approach for each area of 
research is described in this chapter.   
2.1 Chemicals 
 VC (99.5%) was obtained from Fluka.  Ethene (polymer grade, 99.9%), methane 
(C.P. grade, 99%), and ethane (99.9%) were obtained from Matheson.  A gas mixture of 
30% CO2/70% N2 was obtained from Airgas. Sodium nitrate (99%) and sodium nitrite 
(99%) were obtained from Sigma-Aldrich. Sodium sulfate (99%) was obtained from EM 
Science. Fe(III) chelated with ethylenediaminetetraacetic acid (EDTA) (13% purity iron) 
was obtained from J.T. Baker. Anthraquinone-2,6-disulfonic acid (AQDS) (99% purity) 
was obtained from Pfaltz and Bauer. Resazurin sodium derivative was obtained from J.T. 
Baker.  All other chemicals were reagent grade or higher.   
 Amorphous Fe(III) solution was made by adding 10 N NaOH to a 0.66 M solution 
of FeCl3 until the pH reached 7 (35). The solution was transferred to 150 mL centrifuge 
tubes for centrifugation (Evolution RC, Sorvall®) at 5000 rpm for 20 min, and rinsed 
with DDI water (nine times) to remove the majority of the chloride. The resulting Fe(III) 
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concentration was measured using a UV spectrophotometer (35), and diluted to make a 2 
M Fe(III) solution.  
 One part of this thesis involved analysis of the fate of [14C]ethene in microcosms 
prepared by Reid (41).  Details on how the [14C]ethene was created and added to the 
microcosms are described in Reid (41).  Briefly, [14C]ethene was generated by adding 
[14C]VC to an enrichment culture that reductively dechlorinates all of the chlorinated 
ethenes to ethene, using lactate as the electron donor (15).  Then, samples of the 
headspace from bottles containing [14C]ethene were added to the microcosms.   
 For the experiments with the sulfate-reducing culture developed by Fullerton and 
Zinder (section 2.4), a similar approach was used to generate additional [14C]ethene.  In 
this case, [14C]cDCE was used instead of [14C]VC.  The [14C]cDCE was purchased from 
Moravek Biochemicals (1.1 mCi/mmol) and a stock solution was prepared in DDI water.  
Approximately 10 mL of the stock solution was added to 1 L of the same enrichment 
culture described above, in a 1.18 L bottle, containing 0.18 L of headspace.  Within three 
days, the [14C]cDCE was converted to [14C]ethene, about 57% of which was in the 
headspace of the bottle.  Samples of headspace from the “stock” bottle were added to 
Balch tubes in two batches.  For the first batch, 0.5 mL was added per tube, containing 
~74,000 dpm of [14C]ethene.  For the second batch, it was necessary to add 3.0 mL per 
tube (due to diffusive losses of ethene from the “stock” bottle), containing ~38,000 dpm 
of [14C]ethene.   
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2.2 Experiment Design 
 As outlined in section 1.10, the research in this thesis is based on four types of 
cultures.  The procedures used to prepare and/or monitor these cultures is described 
below.   
2.2.1 Microcosms Started by Reid 
 A total of 46 microcosms and transfer cultures prepared by Reid (41) were 
monitored as part of this thesis, as summarized in Table 2.1.  These bottles were selected 
because they exhibited some potential for anaerobic oxidative activity on VC or ethene.  
The bottles consisted of two sets of microcosms and three sets of transfer cultures.  The 
microcosms were prepared with soil from two locations.  One location (labeled M7-I) is 
an industrial site in California in which the groundwater is contaminated with chlorinated 
ethenes; the other (labeled M8) consists of uncontaminated soil from outside the L.G. 
Rich Environmental Research Laboratory at Clemson University.  The three set of 
enrichment cultures were inoculated with the microcosms prepared with soil and 
groundwater from the Twin Lakes wetland at the Savannah River Site.  Additional 
information about each set is given below.   
M7-I Microcosms 
 Two subsets of the M7-I microcosms were monitored, labeled “M7-I-A” and 
“M7-I-B.” Samples of first-flush groundwater for both subsets were obtained from the 
same industrial site; the “M7-I-A” microcosms represent bottles prepared with 
groundwater from well E14-A, while the “M7-I-B” microcosms were prepared with 
groundwater from well TW-4A.  For each subset, Reid (41) prepared triplicates of the 
following treatments:  unamended; amended with nitrate; amended with Fe(III); amended 
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with Fe(III)-EDTA; amended with AQDS; amended with sulfate; and autoclaved 
controls.  Of the 19 M7-I-A bottles prepared by Reid (41), five were selected for 
continued monitoring as part of this thesis (Table 2.1).  Of the 19 M7-I-B bottles, one 
was selected for continued monitoring as part of this thesis (Table 2.1).     
 Calculations for the amounts of each amendment are reported by Reid (41), as are 
the details for how the bottles were prepared.  Briefly, 100 mL of first-flush groundwater 
was added to 160 mL serum bottles, inside an anaerobic chamber containing an 
atmosphere of approximately 1.5% hydrogen and 98.5% nitrogen.  The microcosms were 
capped with Teflon-faced red rubber septa and aluminum crimp caps.  After capping, the 
bottles were removed from the anaerobic chamber and the headspace was purged with 
high purity nitrogen gas (passed through a buffered solution of 20% titanium (III) 
chloride to remove trace levels of oxygen) at a flow of at least 850 mL/min for 10 min. 
Purging was repeated the following day.  The intent of purging was to remove the 
hydrogen that was present in the atmosphere of the anaerobic chamber and hence the 
headspace of the microcosms. The microcosms were incubated for three days before 
adding VC.  Resazurin was added to the microcosms (to serve as a redox indicator) only 
after there was evidence of potential oxidative activity, at a concentration of 1 mg/L. The 
microcosms received 2 µmol of VC per bottle, and were amended with the different 
terminal electron acceptors.  With some of the microcosms, more VC was added soon 






 The M8 microcosms were prepared with uncontaminated soil and a mineral salts 
medium, with the objective of evaluating the potential for anaerobic oxidation of ethene.  
Two subsets were prepared, labeled “M8-I” and “M8-II.”  Set II was prepared several 
months after Set I, using soil from the same location, in order to replicate the results from 
Set I, as well as include an unamended treatment (which was not part of Set I) and allow 
for addition of [14C]ethene.  Reid (41) prepared triplicate bottles of the following 
treatments:  unamended (Set II only); amended with oxygen; amended with nitrate; 
amended with Fe(III); amended with Fe(III)-EDTA; amended with sulfate; amended with 
glucose; amended with a mixture of glucose, L-asparagine, and ferric citrate; and 
autoclaved controls.  Of the 24 M8-I bottles prepared by Reid (41), 11 were selected for 
continued monitoring as part of this thesis (Table 2.1).  Of the 33 M8-II bottles, 17 were 
selected for continued monitoring as part of this thesis; [14C]ethene was added to 11 of 
these (Table 2.1) and the distribution of 14C was determined as part of the research for 
this thesis.  The procedures used to generate [14C]ethene for these bottles is described by 
Reid (41), and summarized in section 2.1. Multiple “stock cultures” were constructed in 
serum bottles, rather than in a single larger bottle.  Regardless, the net effect was the 
same; the enrichment culture reduced [14C]VC to [14C]ethene, which was then added to 
the serum bottles or Balch tubes.  Since the [14C]VC was dissolved in toluene, trace 
levels of toluene were added along with [14C]ethene.  
E7 Enrichment Cultures 
 Reid (41) developed the E7 enrichment cultures using inoculum from one of the 
M7-I-A unamended microcosms, which exhibited evidence of anaerobic oxidation of VC.  
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Each bottle (70 mL total volume) received 1 mL of well-mixed liquid from bottle # M7-I-
A-UA-1 (following 72 days of incubation) plus 19 mL of groundwater from well E14-A.  
Two of the bottles (#3 and #4) were spiked with [14C]VC.  Continued monitoring of the 
these bottles, including the distribution of 14C, was part of the research for this thesis.   
E9 Enrichment Cultures 
 This set of enrichments (E9) was prepared by Reid (41) with samples from 
microcosms developed by Eaddy (15) using soil and groundwater from the Twin Lakes 
wetland at SRS.  The motivation for preparing the enrichments was the apparent 
occurrence of ethene bio-oxidation in the microcosms amended with sulfate.  A high 
initial dose of ethene (approximately 5% of the headspace volume) was provided to the 
E9 enrichment bottles, with the intent of minimizing ethene reduction to ethane.  Three 
medium controls (i.e., 100 mL of MSM) were prepared along with quadruplet live bottles 
(Table 2.1).  All of the bottles were spiked with [14C]ethene.  Continued monitoring of 
the these bottles, including the distribution of 14C, was part of the research for this thesis. 
E10 Enrichment Cultures 
 Reid (41) developed the E10 enrichment cultures using inoculum from the M10 
microcosms described by Hickey (27).  The soil and groundwater for the microcosms was 
obtained from a hazardous waste site in North Carolina contaminated with PCE.  A 
portion of the groundwater plume discharges to a wetland, where the samples were taken.  
PCE in the microcosms was completely dechlorinated to ethene, which was further 
reduced to ethane. Reid (41) transferred samples from these microcosms to a mineral 
salts medium, yielding six enrichment bottles.  Three of these received only unlabeled 
ethene; the other three received ethene plus [14C]ethene (Table 2.1).  As mentioned 
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above, the procedures used to generate [14C]ethene for these bottles are described by Reid 
(41).  Monitoring of these six bottles was continued as part of the research for this thesis, 
including analysis of the fate of the [14C]ethene.   
2.2.2 Enrichment Cultures Developed from Reid Microcosms 
 As the results will show, VC appeared to undergo anaerobic oxidation in two of 
the M7-I microcosms listed in Table 2.1.  The more active of the two microcosms, M7-I-
A-NO3-2, was used as the inoculum to prepare a set of enrichment cultures, with the 
following four treatments:  unamended, amended with nitrate, amended nitrite, and 
amended with nitrate + nitrite.  The transfers were prepared in 120 mL serum bottles in 
the anaerobic chamber (with an atmosphere of ~1% H2 and 99% N2), with triplicate 
bottles for each treatment.  Each bottle received 10 mL from M7-I-A-NO3-2, 35 mL of 
the medium described by Ettwig et al. (16) (listed in Appendix A-1), and 30 mL of the 
groundwater that was used to prepare the M7-I microcosms (i.e., from well E14A at an 
industrial site).  The bottles were capped with slotted gray butyl rubber septa, removed 
from the anaerobic chamber, purged (10 min) with high purity N2 (passed through a 
buffered solution of 20% titanium (III) chloride to remove trace levels of oxygen), and 
resealed.  VC was added to all of the bottles and stock solutions were used to deliver 2 
mM of nitrate and nitrite (150 µmol/bottle) to the appropriate treatments.  This 
concentration was used to ensure an excess of electron acceptor with respect to the 
amount of VC added (8 µmol/bottle).  The bottles were returned to the anaerobic 
chamber and remained there at all times, including during headspace sampling.  On day 5 
of the incubation, the pH was found to be ~8.6; it was decreased to ~7 by addition of 5 N 
HCl.      
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 The decision to use the mineral salts medium from Ettwig et al. (16) was based on 
the premise that the apparent VC oxidation observed in M7-I-A-NO3-2 was associated 
with use of nitrate as an electron acceptor.  Ettwig et al. (16) observed anaerobic 
oxidation of methane coupled to nitrite as the electron acceptor.  For this reason, 
treatments with nitrite were included as part of the experimental design for the 
enrichment cultures.    
 Based on apparent anaerobic oxidation of VC in the first set of transfers, a second 
set was prepared, following the same experimental design.  Two of the bottles from the 
first transfer that received nitrate (M7-1A-NO3-2) were used as the inoculum.  The same 
quantities of liquid were added, i.e., 10 mL of inoculum, 35 mL of the medium described 
by Ettwig et al. (16), and 30 mL of the groundwater that was used to prepare the M7-I 
microcosms (i.e., from well E14A at an industrial site).  However, several changes were 
made in the method of preparation.  First, the pH of the medium was adjusted before 
addition to the serum bottles by purging with 5% CO2/ 95% N2.  Second, after the bottles 
were prepared in the anaerobic chamber, they were sealed with the slotted grey butyl 
rubber septa and never removed (including for sampling).  Therefore, the headspace of 
the bottles contained the same composition of headspace in the chamber, which at the 
time was ~4% H2 and 96% N2.   
2.2.3 SRS Microcosms 
 With the intent of replicating some of the results obtained by Johnson (29) with 
respect to ethene conversion to methane, a new set of microcosms was prepared as part of 
the research for this thesis.  Fresh samples of soil and groundwater from the Twin Lakes 
wetland at SRS were obtained and the same approach to microcosm preparation used by 
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Reid (41) was followed.  Microcosms were prepared in an anaerobic chamber (98.5% N2, 
1.5% H2) by adding approximately 20 g of a mixture of equal amounts of soil samples 
taken in the vicinity of wells #48 and #50 in the Twin Lakes wetland.  The soil displaced 
a volume of 11 mL  Equal amounts of groundwater from each well were also mixed and 
50 mL was added to the microcosms, leaving a headspace of 99 mL.  Resazurin (1 mg/L) 
was added to serve as a redox indicator.  The bottles were sealed with grey butyl rubber 
septa, removed from the chamber, purged with 70% N2/30% CO2 for 2 min to reduce the 
H2 concentration in the headspace, and then recapped.  The average pH after sparging 
was 6.40.  Autoclaved controls were subjected to 121ºC for 60 min on three consecutive 
days. Additional details for preparation of the microcosms, including calculations for the 
amounts of terminal electron acceptors added, are provided in Appendix A-2.   
 Table 2.2 summarizes the 32 treatments that were prepared.  The treatments 
included autoclaved controls and live bottles with no amendments, and amendments with 
nitrate, Fe(III), Fe(III)-EDTA, AQDS, Fe(III) + AQDS, and sulfate.  Within each of these 
eight sets, four treatments were prepared:  only VC added, only ethene added, VC + 
ethene added, and ethene + ethane added.  The intent of having a treatment with VC + 
ethene added was to determine if the presence of the reductive dechlorination product 
from VC would favor an oxidative pathway for VC biodegradation over a reductive 
pathway.  Likewise, the intent of having a treatment with ethene + ethane was to 
determine if having the reduction product present would favor an oxidative pathway for 
anaerobic biodegradation of ethene.  Prior microcosms prepared with samples from the 
Twin Lakes wetland have exhibited a propensity for VC reduction to ethene, and ethene 
reduction to ethane.    
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2.2.4 Sulfate-Reducing Ethene Oxidation Culture  
 Fullerton and Zinder have developed a sulfate reducing culture that appears to 
grow by anaerobic oxidation of ethene.  The culture has been transferred several times 
with ethene as the sole carbon and energy source.  Two Balch tubes (~20 mL) containing 
the fourth generation transfer of the live culture (~10 mL) and one containing only 
mineral salts medium were delivered to Clemson University by overnight carrier on June 
5, 2012, for the purpose of determining the fate of [14C]ethene.  In addition, three water 
controls were prepared at Clemson University, which contained only 10 mL of DDI 
water.  The method used to produce [14C]ethene is provided in section 2.1.  A 0.5 mL 
headspace sample from the “stock culture” that was used to generate the [14C]ethene was 
added to each tube.  The initial level of 14C in each tube was determined (section 2.5) and 
the tubes were incubated quiescently at 30°C.  Headspace samples were used to 
determine the total amount of ethene in the tubes.  When the level dropped below 0.04 
µmol/tube, the distribution of 14C in each tube was determined.   
 Three Balch tubes containing the fifth generation transfer of the live culture were 
sent from Cornell University to Clemson University by overnight carrier on July 3, 2012, 
along with two tubes containing only the medium.  Two water controls were also 
prepared at Clemson University.  Since the concentration of [14C]ethene in the stock 
culture had decreased, it was necessary to add 3.0 mL of headspace to each Balch tube, 
rather than 0.5 mL as with the first set.   
2.3 GC Analysis of Volatile Organic Compounds 
cDCE, VC, ethene, ethane and methane were measured by analysis of headspace 
samples using a Hewlett Packard Series II 5890 gas chromatograph (GC), as 
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previously described (21).  The total amount of compounds present in serum bottles 
was determined by injecting a 0.5 mL headspace sample (with a Pressure-Lok 
precision analytical syringe) onto the GC, equipped with a column packed with 1% 
SP 1000 on 60/80 Carbopack B and a flame ionization detector.   
 On the Carbopack B column and the method described above, methane, ethene 
and ethane elute in less than one minute.  In bottles that contained high levels of these 
compounds, the peaks were not adequately separated, making quantification more 
difficult.  In these cases, methane, ethene and ethane were separated by injection of a 
headspace sample onto a 100/120 Carbosieve S-II column (3.175 mm by 3.048 m; 
Supelco, Inc.) with nitrogen as the carrier gas (30 mL/min).  The column temperature was 
200ºC isothermal for 30 min.  One drawback to using the Carbosieve S-II column is its 
propensity to adsorb ethene (i.e., ethene is held on the column and then released so 
slowly that it is not detectable).  To compensate for this, it was necessary to prime the 
column.  This consisted of injecting 8.0 mL of neat ethene onto the column at 200ºC, 12 
h prior to a headspace analysis of samples; overwhelming the column with ethene 
prevented it for adsorbing ethene from the samples and thereby ensured a consistent 
response on the GC. 
 The GC response to a headspace sample was calibrated to give the total mass of 
the compound (M) in that bottle.  Representative response curves are presented in 
Appendix A-3.  Assuming that the headspace and aqueous phases were in equilibrium, 








where Cl is the concentration in the aqueous phase (µM); M is the total mass present 
(µmol/bottle); Vl is the volume of the liquid in the bottle (L); Vg is the volume of the 
headspace in the bottle (L); and HC is Henry’s constant (dimensionless) at 23ºC (21). 
 A number of bottles were incubated at all times in the anaerobic chamber to 
reduce the chance for oxygen diffusion through the septum.  For those bottles, headspace 
samples were removed with a syringe and needle transferred into the chamber.  After 
taking the sample, the needle was inserted into a butyl rubber septum to prevent 
introduction of air; the syringe and needle were then quickly removed and taken to the 
GC for analysis. Likewise, to add VC or ethene to bottles kept in the chamber, the gas 
was loaded into a syringe, put through the air lock, and transferred into the chamber.  
When the oxygen level in the chamber was zero (according to the sensor in the chamber), 
the gases were injected into the serum bottles (using a needle that was purged with gas in 
the chamber). 
2.4 Analysis of 14C Compounds 
The total amount of 14C activity in a serum bottle was determined by measuring 
the activity in a headspace sample (0.5 mL) and liquid sample (0.1 mL). Both samples 
were added to liquid scintillation vials containing 15 mL of liquid scintillation cocktail 
(ScintiSafe PlusTM 50%, Fisher Scientific). The caps of the scintillation vials were 
modified to permit direct injection of the samples into the vials, thereby avoiding 
volatilization losses. The liner on the caps were removed and a 3 mm hole drilled in the 
center. A Teflon-faced red rubber septum was then placed inside the cap and secured to 
the vial containing the cocktail. Headspace and liquid samples were injected into the 
scintillation vial through the hole in the cap and the septum.  
 27 
 14C activity was measured using either a WALLAC 1415 Liquid Scintillation 
Counter or a Perkin Elmer Tri-Carb 2910TR Liquid Scintillation analyzer.  The total 
amount of 14C activity in a bottle was calculated based on: 
 Total dpm per microcosm = A·Vl + B·Vg (2-2) 
where A = dpm/mL in the liquid sample; Vl = volume of liquid (50 mL in microcosms 
with soil present, 100 mL in microcosms or enrichments without soil; 10 mL in Balch 
tubes); B = dpm/mL in the headspace sample; and Vg = volume of headspace (99 mL in 
microcosms with soil present, 60 mL in microcosms or enrichments without soil; 10 mL 
in Balch tubes).  
In order to determine the distribution of products formed from transformation of 
[14C]ethene or [14C]VC, the products present in the gas phase and the liquid phase were 
evaluated as previously described (18).  Briefly, 14C-labeled compounds in the gas phase 
were quantified by analysis of headspace samples (0.5 mL, using a 1.0 mL Pressure Lok 
syringe), using a GC/combustion technique. The eluent from the Carbopack GC column 
was routed through a 4-port valve located in the GC oven to a quartz glass column 
located outside the oven to a combustion tube where the compounds were oxidized to 
14CO2 and then trapped in 3 mL of 0.5 M NaOH in a 10 mL glass test tube. Multiple test 
tubes were used, corresponding to the elution times of the target compounds. The NaOH 
in each tube was transferred to LSC for counting. The glass combustion tube (6.35 mm 
inside diameter x 381 mm) was filled with copper (II) oxide (Alfa Aesar, Inc.) held at 
800°C by a tube furnace (21100 Tube Furnace, Thermolyne).  
 The total amount of 14C activity in a serum bottle attributable to a specific volatile 
compound (M) was calculated as follows:  
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 M = Cg(Vg + Vl·HC)  (2-3) 
where Cg = 14C activity for a specific compound measured from the Carbopack column 
for VC (see below for ethene) or Carbosieve column for CH4 and ethane (see below for 
ethene; dpm/mL); Vg = volume of the headspace in the bottle (99 mL in microcosms with 
soil present, 60 mL in microcosms or enrichments without soil present; 10 mL in the 
Balch tubes); Vl = volume of the liquid in the bottle (50 mL in microcosms with soil 
present, 100 mL in microcosms or enrichments without soil present; 10 mL in the Balch 
tubes); and HC = Henry's Law constant (dimensionless) at 23°, using values from the 
following sources:  Gossett (21) for VC, Freedman and Herz (19) for ethene and ethane, 
and Tchobanoglous et al. (44) for methane.    
 For ethene, a modified approach was needed.  The dpm for ethene was obtained 
by using the total dpm in the 0- to 1.5-min fraction off the Carbopack-B column (which 
included methane, ethene, ethane and CO2) and subtracting the dpm for CH4, CO2, and 
ethane from dpm obtained for these compounds during analysis with the Carbosieve S-II 
column.  Although it would have been more direct to simply use the dpm for ethene that 
eluted from the Carbosieve S-II, this column retained a portion of the ethene.  Even after 
priming (see section 2.4), ethene already on the column exchanged to some extent with 
[14C]ethene in the sample, resulting in retention of [14C]ethene on the column.  The 
subtraction procedure described above consistently yielded a better mass balance for 14C 
activity.   
 The efficiency of the combustion technique was determined by dividing the total 
14C activity in all fractions from the Carbopack column collected through the combustion 
tube by the total 14C activity based on a direct count of a headspace sample (0.5 mL or 
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1.0 mL).  Based on four measurements, the average efficiency was 119±7.5%.  The fact 
that the recovery was over 100% suggests that [14C]ethene in the headspace sample added 
directly to liquid scintillation cocktail didn’t completely dissolve, resulting a lower than 
expected denominator for the recovery calculation.    
 In order to measure the 14C activity present in the aqueous phase, a modification 
of the procedure described by Freedman and Gossett (18) was used.  A 10 mL sample of 
well-mixed liquid was transferred from a bottle using a glass syringe to a 40 mL test tube 
(referred to as the stripping chamber). The stripping chamber was weighed (to the nearest 
0.1 mg) and then connected to a second test tube (referred to as the trapping chamber, the 
mass of which was also determined) that contained 10 mL of 0.5 M NaOH. High purity 
nitrogen gas was sparged (50-60 mL/min) into the stripping chamber through a porous 
glass diffuser and then through latex tubing into the trapping chamber, where the gas was 
sparged through a glass filter stick (135 mm POR C, Ace Glass, Inc.). The contents of the 
stripping chamber were acidified by injecting 0.25 mL of 6 M HCl through a small hole 
near the base of the test tube, which was covered with a gray butyl rubber septum held in 
place by a hose clamp.  Sparging continued for 30 min. The low pH in the stripping 
chamber converted all carbonates to CO2, which was then stripped by N2 and carried over 
to the trapping chamber, where the high pH converted CO2 to soluble carbonates.  
 After sparging, the mass remaining in each chamber was used to calculate the loss 
due to evaporation, which was minimal (1.6±0.2%).  Next, the 14C activity in the 
stripping and trapping chambers was measured by transferring a 2.0 mL sample of each 
chamber to 10 mL of liquid scintillation cocktail.  14C activity in the stripping chamber is 
referred to as non-strippable residue (NSR); 14C activity in the trapping chamber is 
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presumptively considered to be 14CO2.  In samples that contained more than 2% 14CO2, 
the following test was performed to verify that the activity was indeed 14CO2 and not 
something else that may have been retained in the trapping chamber.  The remaining 8.0 
mL in the trapping chamber was transferred to a 15 mL conical bottom, screw-top plastic 
centrifuge tube; 1.4 g of Ba(OH)2 was added and the contents were vortexed for 60 s, 
with the intent of precipitating all of the carbonates as barium carbonate.  The tubes were 
then centrifuged (Sorvall Superspeed RC2B, 10,000 rpm, 30 min).  A 2.0 mL sample was 
carefully removed (to avoid resuspending any of the precipitate) and added to 10 mL of 
liquid scintillation cocktail.  When the concentration of 14C activity in the centrate was 
less than 2% of the contents in the trapping chamber, it was assumed that the trapping 
chamber contained only 14CO2.     
 The percent distribution of 14C in a bottle for each compound or NSR (C) was: 
 %C = x/To  x 100 (2-4) 
where x = 14C per bottle for compound x; and To = the total 14C added per bottle at time 
zero.  The amount of 14C lost to diffusion and adsorption during incubation was: 
 %Loss = (To – Tf)/To x 100      (2-5) 
where Tf is the total 14C remaining in a bottle at the final sampling time.  The amount of 
14C in the “unaccounted for” (UAF) category was: 
 %UAF = (Tf – ΣC)/To x 100 (2-6) 
where ΣC = sum of the 14C associated with all of the identifiable compounds or 
categories (CO2, NSR, VC, ethene, ethane, or methane).       
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2.5 Sulfate and Nitrate 
 Nitrate, nitrite and sulfate were quantified using a Dionex DX-2100 Ion 
Chromatograph (IC) (Sunnyvale, CA).  A degassed sodium carbonate/bicarbonate eluent 
(4.5 mM/0.8 mM, respectively) was used with an IonPac® AS9 guard column (AG11, 4 
mm x 50 mm), followed by an IonPac® AS9-HC anion-exchange column (4 mm x 250 
mm), at a flow rate of 1.0 mL/min.  Samples of settled liquid (1.0 mL) from the 
microcosms were filtered (0.20 μm PTFE, NALGENE®); the first 0.5 mL was discarded 
and the remaining 0.5 mL was diluted with 4.5 mL of DDI water in a 5.0 mL IC sample 
vial.  Samples were injected onto the column using a 250 µL injection loop.  
Representative calibration curves are shown in Appendix A-4.  
2.6 Reduced AQDS and Fe(II) 
Reduced AQDS (AH2QDS) was quantified spectrophometrically at 450 nm and 
compared against standards of chemically reduced AH2QDS, as described by Lovley et 
al. (34). Fe(II) concentrations was also determined spectrophometrically at 562 nm using 
the Ferrozine assay described by Lovley and Phillips (35).  A Varian 50-Bio UV-Visible 
Spectrophotometer was used for both assays.  Representative calibration curves are 






3 3.0 RESULTS 
 Results are presented in the same order as outlined in Chapter 2.  Figures for all 
volatile organic compounds are represented in terms of µmol per bottle.  This allows for a 
direct inspection of the stoichiometry of reductive dechlorination of the chlorinated 
ethenes and reduction of ethene to ethane, since the reductive process is equimolar.  
Amounts per bottle may be related to the aqueous phase concentration using equation 2-
1.  Tables are presented at the end of the text, followed by the figures. 
3.1 Microcosms Started by Reid 
3.1.1 M7-I Microcosms 
Set A 
 These microcosms were prepared with 100 mL of first flush groundwater from 
well E-14A.  The groundwater contained low amounts of TCE and cDCE (i.e., 0.16 and 
0.75 mg/L, respectively), to which VC was also added.  The COD of groundwater was 
below detection (10 mg/L), which suggests that there was little or no electron donor 
available for reductive processes.  The sulfate and nitrate concentrations were 264 mg/L 
and 7.1 mg as N/L, respectively.  Monitoring of the bottles for this thesis started on day 
392; results for the full incubation period are presented below.   
 Results for the duplicate microcosms amended with nitrate are shown in Figures 
3.1 (bottle #2) and 3.2 (bottle #1).  In bottle #2, a high rate of VC consumption started 
after day 210, without accumulation of ethene or ethane.  When this microcosm was 
respiked with VC on day 248, resazurin was added and the groundwater turned pink.  It 
remained pink throughout the remainder of the incubation period.  After three more 
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additions of VC were consumed (totaling 7.2 µmol), methane was added along with VC 
on day 315.  Shortly after the VC was consumed, most all of the methane was consumed.  
This suggested the likelihood of oxygen leakage into the bottle.  To reduce the chances 
for oxygen to diffuse into the bottle, beginning on day 355, it was kept in the anaerobic 
chamber at all times.  VC and methane were added and headspace samples were removed 
while the bottle was in the chamber.  The fifth addition of VC decreased more slowly, 
followed by a pause in the monitoring.  When it was checked next on day 550, all of the 
VC was consumed.  However, due to an oversight, more VC was not added until 664, 
along with a second addition of methane.  Both compounds subsequently decreased, 
although at a slower rate than had previously been observed.  On day 1002, the entire 
contents of the bottle were used as inoculum to develop enrichment cultures (section 3.2).   
 Beginning on day 776, the method used to measure nitrate and sulfate was 
modified.  The Dionex column was changed from AS23 to AS9-HC.  The latter gave 
more reliable results for standard additions to samples (data not shown).  With the AS9-
HC column, the concentration of nitrate in the bottle was higher, but still well below the 
amount added (Figure 3.1b), indicating nitrate had been consumed.  From day 776 to 
1002, the average concentration of nitrate was 0.45 mM, even though 0.68 mM of 
additional nitrate was added over this interval.  There was considerably more scatter in 
the results for sulfate, with no clear trend for consumption.  This is consistent with the 
fact that the groundwater remained pink during the incubation period, indicating the 
redox level was too high for sulfate reduction.   
 In nitrate-amended bottle #1, there was no appreciable decrease in VC through 
day 792, when methane was added.  Methane decreased over the next six months at a 
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similar rate as in bottle #1 for a similar time interval, although VC decreased at a much 
slower rate.  A second addition of VC (without methane) on day 984 decreased at a 
higher rate.  Since day 769, when nitrate measurements were started in bottle #1, 0.61 
mM of nitrate was added, while the measured nitrate level on day 1112 was 0.36 mM, 
indicating that nitrate was consumed over the time period when methane and VC were 
consumed.  The groundwater color was pink over this interval, indicating it was not 
conducive to sulfate reduction, as confirmed by the lack of a decreasing trend in the 
sulfate concentration.   
 Results for the two M7-I Set A microcosms amended with Fe(III)-EDTA are 
shown in Figure 3.3.  During the first 288 days of incubation in bottle #1 (Figure 3.3a), 
the extent of decrease in VC was no greater than in the autoclaved controls (data not 
shown).  However, by day 321, the VC was completely depleted with no increase in 
ethene or ethane.  When the microcosm was respiked with VC on the same day, resazurin 
was added; the groundwater turned pink and remained so for the remainder of the 
incubation period (days 321-978).  Methane was also added on day 321.  As mentioned 
above, the intent of adding methane was to serve as a biotic indicator of oxygen leakage, 
since anaerobic oxidation of methane is uncommon.  As soon as the VC was consumed, 
there was a 77% decrease in methane between days 337 and 355. This microcosm was 
permanently moved into the anaerobic chamber from day 355 onward.  Thereafter, VC 
decreased by 46%, and methane by 40% through day 978.  Results for bottle #2 (Figure 
3.3b) were similar.  Fe(III)-EDTA was added when the microcosms were prepared and 
each time they were spiked with VC; however, no attempt was made to quantify the 
extent of Fe(II) formation. 
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 Results for one of the microcosms amended with AQDS are shown in Figure 3.4. 
There was no significant decrease in VC over the first 209 days of incubation.  However, 
between days 209 and 250, the VC was completely consumed without an increase in 
ethene or ethane.  The next two additions of VC were also consumed.  Methane was 
added along with the fourth addition of VC.  In this instance, consumption of methane 
occurred concurrently with consumption of the VC.  Following the fifth addition of VC 
and second addition of methane, both compounds initially decreased at a rate similar to 
the previous additions but then the rate slowed considerably for VC and consumption of 
methane stopped.  This microcosm remained permanently in the anaerobic chamber from 
day 355 onward, corresponding to the decreased activity on VC and methane. AQDS was 
added each time VC was added; however, no attempt was made to determine if the 
AQDS was being reduced.  
Set B 
 These microcosms were prepared with 100 mL of first flush groundwater from 
well TW-4A.  The groundwater contained low amounts of TCE and cDCE (i.e., 0.11 and 
0.33 mg/L, respectively), to which VC was also added.  The COD of groundwater from 
well TW-4A was 103 mg/L, suggesting that there was donor available for reductive 
processes.  The sulfate and nitrate concentrations were 95 mg/L and 6.7 mg as N/L, 
respectively.  Acetate in the groundwater was 11 mg/L, which was most likely due to the 
incomplete oxidation of sodium lactate that was injected at the site to drive reductive 
processes.  Monitoring of one bottle for this thesis started on day 415; results for the full 
incubation period are presented below. 
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 The only microcosm monitored for Set B was amended with Fe(III).  As shown in 
Figure 3.5, VC biodegradation via reductive dechlorination began following 110 days of 
incubation.  A second addition of VC also underwent reductive dechlorination through 
day 318; at this point, 83% of the VC was recovered in the form of ethene.  The soil color 
for most of the incubation period was black (most likely due to formation of iron 
sulfides), indicating low redox conditions had developed.  Between days 318 and 350, 
VC continued to decrease with an abrupt decrease in ethene and methane over the same 
interval.  Given the previous trend in reductive dechlorination, this was an unexpected 
occurrence.  There was no obvious evidence of a leak in the septum.  Another headspace 
sample taken five days later confirmed the decreases in all three compounds.  To reduce 
the possibility that oxygen leakage was responsible for the decreases in VC, ethene and 
methane (i.e., due to aerobic biodegradation), the bottle was kept in the anaerobic 
chamber from day 355 forward, including during addition of compounds and headspace 
sampling.  On day 355, VC and methane were added, with the intent of adding 3.0 
µmol/bottle of each; however, much less was delivered, possibly due to losses of the 
gases from the syringe as it was moved through the air lock of the anaerobic chamber.  
Between days 355 and 376, VC decreased by 63%; of this amount, 30% was accounted 
for as ethene.  Over the same interval, methane decreased by 27%.  It remains unclear 
what process was responsible for the significant losses in VC, ethene and methane from 
bottle #1 beyond day 318.  On day 415, a final addition of 3.0 µmol/bottle of VC was 
made, which immediately began undergoing reductive dechlorination. By day 818, VC 
decreased by 97%, with a subsequent increase in ethene by 94%.  This suggests the prior 
decreases in VC, ethene and methane were the result of diffusive losses, rather than bio-
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oxidation.  Amorphic Fe(III) was added each time VC addition was made, although no 
attempt was made to quantify the amount of Fe(II) formed.  
 In summary, several of the M7-I microcosms exhibited evidence of anaerobic 
oxidation of VC.  The most promising were the two bottles from Set I amended with 
nitrate (Figures 3.1 and 3.2).  These continued to consumed VC and methane even after 
they were permanently moved to the anaerobic chamber, while activity in the other 
treatments slowed or stopped.  Based on this activity, bottle M7-I-A-NO3-2 (Figure 3.1) 
was used as the inoculum to develop enrichment cultures, the results for which are 
described in section 3.2.   
3.1.2 M8 Microcosms 
 The M8 microcosms were evaluated only for ethene bio-oxidation, using 
uncontaminated soil and a mineral salts medium described by Reid (41).  Two sets were 
prepared, as described in section 2.2.1.  Monitoring of the bottles for this thesis started on 
day 567 for Set I and 435 for Set II; results for the full incubation period are presented 
below. 
M8 Set I Microcosms 
 Average results for microcosms amended with amorphous Fe(III) are shown in 
Figure 3.6. During preparation of these microcosms, 2,700 mg/L of sodium acetate and 
50 mg/L of yeast extract was added at the start, as components of the iron-reducing 
medium described by Lovely and Phillips (33).  The acetate and yeast extract provided 
~3,000 mg/L of COD, thereby facilitating the development of reducing conditions.  The 
first addition of ethene was consumed by day 84, with 84% (molar basis) of the ethene 
accounted for as ethane.  Concurrent with the onset of ethene reduction was a substantial 
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output of methane, reaching 1570±28 µmol/bottle on day 84.  In order to relieve the gas 
pressure in the headspace, the bottles were vented to the atmosphere on day 84. 
Methanogenesis slowed considerably thereafter, so that additional venting was not 
needed for the duration of the incubation.  After venting of the headspaces, a second 
addition of ethene was made.  Reduction of the ethene to ethane continued at a similar 
rate through day 128. The average ethane recovery from day 0 to 128 was 98%.  Methane 
output was considerably lower between days 84 and 128, suggesting that the acetate and 
yeast extract that were added initially were consumed.   
A third addition of ethene was made on day 128.  Based on the volume of ethene 
injected, the expected level was approximately 21 µmol per bottle.  However, the 
measured amount present on day 133 was 10 µmol per bottle, with only a minor increase 
in ethane.  This suggested the possible onset of ethene oxidation. However, GC 
measurements of ethene between days 133 and 154 indicated a different trend, with 83% 
recovery of ethane from ethene.  It was assumed that the calculated amount added on day 
128 was incorrect and the amount added was re-calculated based on the quantity of 
ethane formed between days 128 and 133.   
 The fourth addition of ethene was made on day 154, before the third addition was 
fully consumed. The ethene level was increased to approximately 40 µmol per bottle (1% 
of the headspace volume), with the intent of inhibiting reduction to ethane; the next 
measured value was taken on day 161.  Between then and day 762, ethene decreased by 
an average of 62%, with a subsequent increase in ethane by 43%. Over this same interval, 
there was no statistically significant increase in methane (based on a Student’s t-test for 
the slope of the regression line for methane data, α=0.05), indicating that the decreases in 
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ethene were not likely due to diffusive losses. Over the full incubation period, four 
additions of Fe(III) were made; no attempt was made to quantify the amount of Fe(III) 
that may have been reduced to Fe(II).   
 Results for microcosms amended with Fe(III)-EDTA are shown in Figure 3.7. 
This set of microcosms followed a similar trend to the ones amended with amorphic 
Fe(III). On day 1, the same amounts of acetate and yeast extract were added. The first 
addition of ethene was consumed by day 84, with 88% (molar basis) of the ethene 
accounted for as ethane. Concurrent with the onset of ethene reduction was a substantial 
output of methane.  In order to relieve the gas pressure in the headspace, the bottles were 
vented to the atmosphere on day 84. Methanogenesis slowed considerably thereafter, so 
that additional venting was not needed for the duration of the incubation.  After venting 
of the headspaces, a second addition of ethene was made. Reduction of the ethene to 
ethane continued at a similar rate through day 128. The average ethane recovery from day 
0 to 128 was 101%. Methane output was considerably lower between days 84 and 128, 
suggesting that the acetate and yeast extract that were added initially were consumed.  
 A third addition of ethene was made on day 128. As described above for the 
Fe(III)-amended bottles, the amount of ethene present on day 128 was estimated based on 
the next GC measurement on day 133 and stoichiometric reduction of ethene to ethane.  
Like the Fe(III)-amended bottles, the fourth addition of ethene was added before the third 
was consumed; unlike the Fe(III)-amended bottles, the fourth addition was made only 
seven days after the third addition, on day 135. The ethene level was increased to 
approximately 40 µmol per bottle (1% of the headspace volume). From day 135 till day 
762 when the microcosm was last evaluated, the average decrease in ethene and methane 
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were 45% and 4% respectively, and average increase in ethane was 112%. Over the full 
incubation period, five additions of Fe(III) were made. No attempt was made to quantify 
the amount of Fe(III) that may have been reduced to Fe(II). 
 Results for two of the three microcosms amended with glucose are shown in 
Figure 3.8. D-glucose (10 g/L) and yeast extract (2 g/L) were added and provided 13.7 
g/L of COD.  Detecting a decrease in ethene was complicated by the high level of 
methane output, as might be expected with such a high initial COD of readily 
biodegradable substrates.  Increasing pressure within the bottles necessitated that they be 
vented to the atmosphere twice.  Methane output plateaued after the second venting 
event.  Beginning on day 80, decreases in ethene were clearly associated with increases in 
ethane.  However, for reasons that are not clear, the amount of ethane formed always 
exceeded the amount of ethene consumed.   
 The second addition of ethene to the glucose-amended bottle was consumed most 
quickly in bottle #1.  With the third addition of ethene on day 264, the amount added was 
increased to achieve a headspace concentration of approximately 1%. From day 264 to 
762, when the microcosms were last evaluated, the average decrease in ethene and 
methane in bottle #1 were 38% and 66% respectively; in bottle #3, the decreases were 
69% and 13%, respectively. Nevertheless, the amount of ethane formed was consistently 
equal to or higher than the amount of ethene consumed.   
 Results for the three microcosms amended with glucose, L-asparagine, and ferric 
citrate are shown in Figure 3.9.  The D-glucose (10 g/L), L-asparagine (5 g/L) and ferric 
citrate (1 g/L) provided 16.9 g/L of COD.  As with the glucose amended bottles, the 
presence of such high levels of readily degradable substrates resulted in high levels of 
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methane output. Increasing pressure within the bottles necessitated that they be vented to 
the atmosphere three times.  In bottle #1, the decreases in ethene over the first 100 days 
of incubation were not accompanied by ethane accumulation, although the loss of ethene 
was likely related to diffusive losses caused by the high pressure in the headspace. When 
a consistent trend in ethene consumption occurred between days 158 and 230, it was 
accompanied by accumulation of ethane.  As with the glucose treatment, more ethane 
accumulated than ethene was consumed, for reasons that are not clear. At day 264, the 
ethene level was increased to approximately 40 µmol per bottle (1% of the headspace 
volume). No major activity was observed until day 567, where ethene decreased by 87% 
in bottle #1, with a subsequent increase in ethane.  As in the glucose amended 
microcosm, the amount of ethane formed exceeded the amount of ethene consumed.  In 
bottle #2, a decrease in ethene with an increase in ethane did not start until day 203. At 
day 264, the ethene level was increased to approximately 40 µmol per bottle. By day 762, 
ethene decreased by 33%, methane by 3.6%.  However, the increase in ethane exceeded 
the molar amount of ethene consumed, perhaps due to inaccuracy in quantifying ethene 
on the Carbosieve column.  Ethene levels in bottle #3 did not change significantly after 
the third venting. 
M8 Set II Microcosms 
 One of the key differences between the Set I and Set II microcosms was the 
addition of [14C]ethene to several of the Set II treatments.  To facilitate evaluation of the 
14C results, monitoring of the autoclaved controls (which also received [14C]ethene) was 
continued as part of the research for this thesis.  Average results for the triplicate 
autoclaved controls are shown in Figure 3.10.  Over the first 105 days of incubation, there 
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was no statistically significant loss of ethene (2±2%).  On day 105, [14C]ethene was 
added from a “production” bottle; the [14C]ethene was accompanied by unlabeled ethene 
and methane; this explains the vertical jumps in ethene and methane on that day.  
[14C]ethene was added close to the time when it was added to the live treatments.  
Between days 105 and 586, there was no significant decrease in ethene or methane.  VC 
was also included in the autoclaved controls, since several of the treatments in Set II 
included VC.  There was no statistically significant loss of VC over the 122 days of 
incubation; VC levels were not impacted by addition of [14C]ethene on day 105.   
 Average results for the triplicate microcosms amended with glucose, L-
asparagine, and ferric citrate are shown in Figure 3.11.  Between days 82 and 105, there 
was a modest decrease in ethene levels, without an apparent accumulation of ethane.  
These trends are equivocal because over the same interval, there was a significant 
increase in methane output, which may have resulted in diffusive losses through the 
septa.  The headspaces were vented on day 105, which explains the large vertical 
decrease in ethene on that day; methane is plotted as the cumulative amount formed, so 
that the losses during venting do not appear in Figure 3.11.  At day 199, the microcosms 
were respiked with ethene (~3 µmol/bottle). From day 199 to 301, there was little to no 
activity observed. The amount of ethane recovered exceeded the stoichiometric amount 
of ethene reduced.   
 Average results for the microcosms amended with Fe(III) are shown in Figure 
3.12.  The medium used for this treatment included 2.7 g/L of sodium acetate and 50 
mg/L of yeast extract.  Three or four additions of Fe(III) were made during the first 119 
days of incubation, providing 120-140 µmol/bottle.  The first addition of ethene was 
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consumed by day 82, with 92% recovery as ethane.  During this period, methane output 
increased rapidly and reached a plateau. The second addition of ethene on day 82 
increased the headspace concentration to approximately 1% (40 µmol/bottle).  At the 
same time, [14C]ethene was added (accompanied by trace levels of toluene from the 14C 
stock solution, as explained by Reid (41)). Between days 85 and 102, there was no 
significant decrease in ethene.  Over the next 17 days of incubation, ethene started to 
decrease without an increase in ethane. By day 177, reduction of ethene continued, 
although ethane levels began to increase. At the end of the incubation period (day 531), 
the second addition of ethene had decreased by 3.3 µmol/bottle and ethane increased by 
13.0 µmol/bottle.  The trend in methane output was similar to the treatment with ethene 
and Fe(III) in M7-I-A (Figure 3.6), with methane reaching an average plateau of 1,810 
µmol/bottle. On day 531, the microcosms were sacrificed for 14C analysis.  Less than 1% 
of the [14C]ethene added was recovered as 14CO2 or [14C]NSR; complete results for this 
and the other M8-II microcosms that were evaluated for 14C are presented in Appendix B-
1.  The results for this treatment indicate there was no anaerobic oxidation of ethene.  
Since the focus of the 14C measurements was on bio-oxidation, no attempt was made to 
quantify the amount of [14C]ethane formed.   
 Average results for the three microcosms amended with Fe(III)-EDTA are shown 
in Figure 3.13.  The medium used for this treatment included 2.7 g/L of sodium acetate 
and 50 mg/L of yeast extract.  Two additions of Fe(III)-EDTA were made during the  
first 60 days of incubation, providing 80 µmol/bottle. The first ethene addition was 
consumed by day 102, with 92% recovery of ethane. During this period, methane output 
increased rapidly and leveled off.  The second addition of ethene on day 102 increased 
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the headspace concentration to approximately 1% (40 µmol/bottle).  At the same time, 
[14C]ethene was added, accompanied by toluene from the 14C stock solution.  At the end 
of the incubation period (day 531), the second addition of ethene had decreased by 5.1 
µmol/bottle and ethane increased by 7.0 µmol/bottle.  On day 531, the microcosms were 
sacrificed for 14C analysis.  Less than 1% of the [14C]ethene added was recovered as 
14CO2 or [14C]NSR, indicating there was no anaerobic oxidation of ethene in this 
treatment.  Since the focus of the 14C measurements was on bio-oxidation, no attempt was 
made to quantify the amount of [14C]ethane formed. 
 Results for two of the microcosms amended with sulfate are shown in Figures 
3.14. The only electron donor added was yeast extract, which provided approximately 75 
mg/L of COD (assuming yeast extract is mainly protein). [14C]ethene was added on day 
102.  Between days 102 and 547, there was no significant decrease in ethene in bottle #1.  
In bottle #2, all of the ethene was consumed, with 95% recovery as ethane.  Methane 
increased over this interval, although less so than during the first 102 days.  On day 531, 
the microcosms were sacrificed for 14C analysis.  Less than 2% of the [14C]ethene added 
was recovered as 14CO2 or [14C]NSR, indicating there was no anaerobic oxidation of 
ethene in this treatment.  Since the focus of the 14C measurements was on bio-oxidation, 
no attempt was made to quantify the amount of [14C]ethane formed. 
 Average results for the microcosms amended with glucose are shown in Figure 
3.15.  A consistent trend in ethene consumption occurred between days 90 and 181. 
Accumulation of ethane began around day 95, reaching approximately 1.5 µmol per 
bottle, which leveled off over for the remainder of the incubation. [14C]ethene was added 
on day 102.  A second addition of ethene on day 207 increased the headspace 
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concentration to approximately 1% (40 µmol/bottle). There was little to no decrease in 
ethene thereafter.  On day 531, the microcosms were sacrificed for 14C analysis.  Less 
than 2% of the [14C]ethene added was recovered as 14CO2 or [14C]NSR, indicating there 
was no anaerobic oxidation of ethene in this treatment.  Since the focus of the 14C 
measurements was on bio-oxidation, no attempt was made to quantify the amount of 
[14C]ethane formed. 
 In summary, while the M8 microcosms selected for continued monitoring of 
ethene as part of this thesis at some points showed some promise of anaerobic oxidation, 
the 14C results demonstrated that oxidation did not occur after the [14C]ethene was added.  
The rational for adding a high dose of ethene (i.e., 1% of the headspace) was to decrease 
the amount of ethene reduced to ethane; however, after adding the high dose, ethene 
consumption slowed considerably or, in one case, still resulted in ethene reduction to 
ethane, rather than ethene oxidation.   
3.1.3 E7 and E9 Enrichment Cultures 
 [14C]VC was added to duplicate enrichment cultures prepared with inoculum from 
one of the M7-I microcosms that exhibited apparent VC bio-oxidation.  The bottles were 
incubated for 677 days, during which time the VC decrease by ~40% (data not shown).  
A similar extent of loss occurred in duplicate water controls and in duplicate live bottles 
that received only unlabeled VC.  On day 677, the microcosms were sacrificed for 14C 
analysis.  Less than 2% of the [14C]VC added was recovered as 14CO2 or [14C]NSR 
(Appendix B-1), indicating there was no anaerobic oxidation of VC in this treatment.  
Since the focus of the 14C measurements was on bio-oxidation, no attempt was made to 
quantify the amount of [14C]ethene or [14C]ethane formed. 
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 The four E9 enrichment cultures initially exhibited decreases in ethene without an 
increase in ethane (data not shown).  On day 79, [14C]ethene was added and the bottles 
were incubated through day 891.  In three of the four bottles, less than 2% of the 
[14C]ethene added was recovered as 14CO2 or [14C]NSR (Appendix B-1), indicating there 
was no anaerobic oxidation of ethene in this treatment.  However, in a fourth bottle (E9-
SO4-4), 8.7% of the 14C was recovered as 14CO2 and 6.2% as [14C]NSR.  While this 
indicated that bio-oxidation of ethene occurred, the results were equivocal since ~70% of 
the 14C was lost during incubation.  Thus, none of the E7 or E9 enrichment bottles 
yielded robust evidence for anaerobic oxidation of VC or ethene.  
3.1.4 E10 Enrichment Cultures 
 The inoculum for this set of enrichments (E10) was taken from microcosms 
developed by Hickey (26), using soil and groundwater from a hazardous waste site 
contaminated with PCE.  Samples from these microcosms were transferred to a mineral 
salts medium, yielding six enrichment bottles. Three of these received only unlabeled 
ethene; the other three received ethene plus [14C]ethene.  The initial amount of ethene 
added was 12 µmol/bottle, along with lactate (0.11 mM).   
 Average results for the bottles that received [14C]ethene are shown in Figure 3.16. 
Over the first 45 days, ethene decreased by 51%, with 91% recovery as ethane.  Methane 
output increased in parallel with ethene reduction.  [14C]ethene was added on day 45, 
along with enough unlabeled ethene to raise the ethene level to 1.1% of the headspace. 
Between days 45 and 475, there was a 22% decrease in ethene, with 93% recovery as 
ethane.  On day 475, the microcosms were sacrificed for 14C analysis.  Less than 1% of 
the [14C]ethene added was recovered as 14CO2 or [14C]NSR, indicating there was no 
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anaerobic oxidation of ethene in this treatment.  Since the focus of the 14C measurements 
was on bio-oxidation, no attempt was made to quantify the amount of [14C]ethane 
formed. 
 The results for the triplicate bottles that did not receive [14C]ethene are shown in 
Figure 3.17.  Bottles #4 and 6 behaved similarly. The first addition of ethene was 
consumed between days 11 and 134, with 87% recovery of the ethene as ethane (Figure 
3.17a).  During this period, methane output increased rapidly and then started to level off.  
The second addition of ethene increased the headspace concentration to approximately 
1% (40 µmol/bottle); there was no appreciable decrease in ethene through the final day of 
analysis (day 614).  In bottle #5, only 73% of the initial ethene was consumed, with 58% 
recovered as ethane.  A second addition of ethene was not made.   
 In summary, there was no evidence of ethene bio-oxidation in the E10 enrichment 
bottles, even after increasing ethene to a headspace concentration that was expected to 
inhibit ethene reduction to ethane.   
3.2 Enrichment Cultures Derived from the M7-I-A-NO3-2 Microcosm 
First Transfer 
 Based on the promising results for anaerobic oxidation of VC in the nitrate-
amended M7-I microcosms, especially bottle M7-I-A-NO3-2 (Figure 3.1), it was used as 
the inoculum to prepare enrichment cultures.  As described in section 2.2.2, the 120 mL 
bottles used for this transfer received 10 mL of inoculum, 30 mL of the same 
groundwater from well E-14A used in the M7-I-A microcosms, and 35 mL of mineral 
salts medium prepared according to Ettwig et al. (16).    
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 Average results for the triplicate bottles that were amended with nitrate are shown 
in Figure 3.18. After a lag of ~25 days, VC decreased to non-detect by day 42 and a 
second dose was added.  It initially decreased at a similar rate and then degradation 
abruptly slowed.  Approximately 18 µmol of VC was consumed, without a 
commensurate increase in ethene or ethane. Methanogenesis was also inhibited through 
the entirety of the incubation period.  The color of the liquid in these bottles (based on 
resazurin), as well as all of the others, changed from lavender to pink sometime between 
days 11 and 23, and remained pink thereafter.  Nitrate decreased by 0.14 mM and nitrite 
increased by 0.08 mM, suggesting that a modest level of denitrification occurred.  There 
was no significant change in sulfate.   
 Average results for the triplicate bottles that were amended with nitrite are shown 
in Figure 3.19.  There was no appreciable decrease in VC over the 118 day incubation 
period.  However, between days 23 and 110, nitrite decreased by 1.0 mM and nitrate 
increased by 1.0 mM; there was no significant change in sulfate.  Oxidation of nitrite to 
nitrate suggests that oxygen was available, in spite of the fact that the bottles were 
prepared in the anaerobic chamber, the headspace was purged with N2, and the bottles 
were incubated at all times (including sampling) in the anaerobic chamber.   
 Average results for the triplicate bottles that were amended with nitrate and nitrite 
are shown in Figure 3.20.  The results were similar to the treatment with only nitrite 
added; there was no appreciable decrease in VC.  However, between days 23 and 110, 
nitrite decreased by 1.2 mM and nitrate increased by 0.79 mM; there was no significant 
change in sulfate.  The results confirm that nitrite was oxidized to nitrate, in spite of the 
steps taken to exclude oxygen from the bottles. 
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 Average results for the triplicate bottles that were unamended (i.e., no nitrate or 
nitrite was added) are shown in Figure 3.21.  Furthermore, the groundwater added to the 
bottles did not have any detectable nitrite and only 0.023 mM nitrate.  The bottles 
behaved similarly to the treatment with nitrate added (Figure 3.18).  Approximately 15.1 
µmol/bottle of VC was consumed before degradation activity ceased.  There was no 
increase in ethene, ethane, or methane, and no significant decrease in sulfate.   
Second Transfer 
 Using bottles #1 and #2 from the unamended treatment (Figure 3.21) as inoculum, 
a second set of enrichments was prepared, using the same experimental design, with one 
exception: triplicate autoclaved controls were included.  To further minimize the 
possibility that oxygen contamination was responsible for VC biodegradation (as well as 
nitrite oxidation to nitrate), the bottles were never removed from the anaerobic chamber.  
As a result, the headspace of these bottles contained the same concentration of hydrogen 
as the atmosphere in the chamber, which at the time was ~4%.  The hydrogen level in the 
chamber was increased to improve the accuracy of the meter used to measure oxygen.   
 After 44 days of incubation, there was no appreciable decrease in VC in any of 
the treatments (data not shown).  In the treatment without nitrate or nitrite added, the 
color of the liquid turned clear within three days, indicating that the additional hydrogen 
in the headspace led to the development of reducing conditions.   
 In the treatment with nitrate added, 2.1 mM of nitrate was consumed by day 44 
and nitrite increased by 0.63 mM, indicating that denitrification occurred and was 
proceeding beyond nitrite.  In the treatment with nitrite added, 2.0 mM of nitrite was 
consumed by day 22; no nitrate was detected.  This is consistent with lower redox 
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conditions in the bottles, with nitrite likely reduced to NO, N2O, or N2.  In the treatment 
with nitrite and nitrate added, all of the added nitrate (2.0 mM) was consumed by day 22; 
nitrite increased by 1.5 mM and then started to decrease, suggesting that denitrification 
was proceeding beyond nitrite.  In all of the treatments with nitrate and/or nitrite present, 
the color of the liquid remained pink.  Continued monitoring is needed to determine if 
VC biodegradation will occur.   
 In summary, consumption of VC in two of the treatments for the first transfer 
(unamended and nitrate amended) occurred without accumulation of ethene or ethane, 
suggesting anaerobic oxidation.  However, the fact that nitrite was oxidized to nitrate in 
the nitrite-amended treatment casts doubt on the presumption that the bottles were free of 
oxygen.  Furthermore, if anaerobic bio-oxidation of VC did occur, it is unclear what the 
electron acceptor was, since the unamended treatment had very little nitrate and no nitrite 
and there was no significant decrease in sulfate.  Additional precautions were taken with 
the second transfer cultures to further reduce the potential for oxygen contamination; 
through 44 days of incubation, no biodegradation of VC occurred.  Decreases in nitrate 
and nitrite suggest these bottles have active denitrification, driven by hydrogen from the 
anaerobic chamber.    
3.3 SRS Microcosms 
 The intent of preparing an additional set of microcosms with soil and groundwater 
from the Twin Lakes wetland at SRS was to determine if the results of Johnson (29) 
could be replicated, with respect to favoring ethene conversion via a pathway other than 
reduction.  Treatments with VC were also included, as well as six electron acceptor 
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amendments.  Including the autoclaved controls, a total of  96 microcosms were 
constructed (Table 2.2).   
 Average results for the autoclaved controls are shown in Figures 3.22 (for VC 
alone and VC + ethene) and 3.23 (ethene alone and ethene + ethane).  Methane was 
present in the groundwater and exhibited the most variability as a consequence of 
changes during autoclaving.  Most importantly, there were no significant losses of VC, 
ethene or ethane over 237 days of incubation.  The results confirmed that grey butyl 
rubber septa are effective in preventing significant diffusive losses of VC, ethene and 
ethane. 
 Average results for the triplicate unamended bottles that received only VC are 
shown in Figure 3.24a.  Five additions of VC were reductively dechlorinated to ethene, 
most of which was then reduced ethane.  Methane was produced throughout the 246 days 
of incubation.  These results indicated that the soil and groundwater provided an excess 
of electron donor needed for reduction, to such an extent that a significant amount of 
methane was also produced.  The treatment that received VC and ethene is shown in 
Figure 3.24b.  In spite of the considerably higher level of ethene compared to VC, these 
microcosms reduced VC to ethene at a similar rate in comparison to the treatment with 
only VC added.  Ethene reduction to ethane started at approximately the same time and 
most of the ethene (formed plus added) was reduced to ethane by the time monitoring 
stopped on day 246.  Methanogenesis was delayed somewhat by the high initial 
concentration of ethene; as it declined, methane output increased.   
 Average results for the triplicate unamended bottles that received only ethene are 
shown in Figure 3.25a.  Four additions of ethene were reduced to ethane.  Methane output 
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started as the first addition of ethene decreased.  The treatment that received ethene and 
ethane is shown in Figure 3.25b.  The presence of ethane did not deter the amount of 
ethene that was reduced to ethane.  Methane output followed the same pattern as in the 
treatment with only ethene added.   
 As these results indicate, none of the unamended treatments exhibited any 
evidence for anaerobic oxidation of VC or ethene.  Likewise, there was no indication of 
oxidative activity in any of the treatments with various electron acceptors added.  
Complete results for those treatments are provided in Appendix B-2.  As in the 
unamended treatments, all of the VC that was consumed was reduced to ethene and/or 
ethane; all of the ethene that was consumed was reduced to ethane.   
 A summary of the amounts of VC and ethene consumed by treatment is shown in 
Figure 3.26.  These results indicate that addition of an electron acceptor significantly 
reduced the amount of VC and ethene consumed, with the impact on ethene greater than 
on VC.  In five of the six treatments with an electron acceptor added (nitrate, Fe(III)-
EDTA, AQDS, Fe(III)+AQDS, and sulfate), the presence of ethene along with VC 
significantly decreased the amount of VC consumed (Figure 3.26a).  Nevertheless, this 
did not lead to an onset of VC oxidation.  With ethene, the presence of an electron 
acceptor had such a dampening effect on ethene reduction that having ethane present had 
no impact on the amount of ethene consumed (Figure 3.26b).   
 Figure 3.27a summarizes the cumulative amount of electron acceptor added, 
expressed in meq per bottle (5 meq/mmol NO3-; 1 meq/mmol Fe(III); 2 meq/mmol 
AQDS; 8 meq/mmol SO42-).  Measurements of nitrate, sulfate and Fe(II) were made 
periodically (Appendix B-1); when the results indicated that nitrate, sulfate, or Fe(III) 
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was depleted, more was added.  Overall, at 66-90% of the nitrate added was consumed; 
53-69% of the AQDS added was reduced to AH2QDS; and 54-68% of the sulfate added 
was consumed.  With the Fe(III) treatments, the amount of Fe(II) that accumulated was 
more variable, ranging from 4.9-11% of the Fe(III) added.  Addition of electron acceptor 
significantly decreased methane output (Figure 3.27b), which is another indication that 
the electron acceptors were being utilized.   
 In summary, there was no indication of anaerobic VC or ethene oxidation in the 
SRS microcosms.  Adding ethene to the VC microcosms decreased VC reduction to 
ethene, but did not initiate VC oxidation.  Ethene reduction to ethane was strongly 
inhibited by addition of nitrate, Fe(III), AQDS, and sulfate.   
3.4 Sulfate-Reducing Ethene Oxidation Culture 
 Two sets of Balch tubes containing a novel sulfate-reducing ethene oxidizing 
culture were received from Fullerton and Zinder at Cornell University.  [14C]ethene was 
added to all of the tubes.   
Set I 
 GC headspace monitoring results are presented in Figure 3.28.   The increase in 
ethene on day 2 was a consequence of adding the [14C]ethene on that day.  By day 20, the 
ethene level in the two live tubes was below 0.03 µmol (with no increase in ethane) while 
the amount in the media control (one tube only) decreased only moderately.  Ethene 
levels in the three water controls did not change significantly over the 17 days they were 
incubated (i.e., three days less than the other tubes).  The tubes were sacrificed for 
analysis of 14C at the same time, with the results shown in Figure 3.29.  In the two tubes 
with the live culture, there was an average of 89% 14CO2.  Less than 5% of the 14C was 
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attributable to [14C]NSR, [14C]ethene, and “unaccounted for”; there was no loss of 14C in 
the mass balance.  By contrast, nearly all of the 14C in the media control and water 
controls was [14C]ethene, with less than 3% attributable to the other categories.  These 
results show conclusively that ethene was mineralized under anaerobic conditions by the 
sulfate-reducing culture.   
Set II 
 The second set of Balch tubes was still incubating at the time this thesis was 
submitted.  However, the GC results indicate that ethene is undergoing biodegradation 
and when the ethene level in the three live tubes is close to non-detect, they will be 
sacrificed along with the two media controls and two water controls to determine the 





4 4.0 DISCUSSION 
 The overall objective of this thesis was to culture and isolate microorganisms that 
are capable of anaerobically oxidizing VC and ethene as their sole source of carbon and 
energy.  Four types of cultures were evaluated for this purpose, including microcosms 
and enrichment cultures inherited from a previous student, additional enrichment cultures 
prepared from microcosms, newly prepared microcosms derived from a wetland at the 
Savannah River Site, and a novel sulfate reducing culture that presumptively oxidizes 
ethene under strictly anaerobic conditions.  Based on evaluations of these cultures, three 
categories of results emerged, each of which is discussed below.   
 First, and most significantly, the overall objective of this thesis with respect to 
ethene was met with the sulfate reducing culture developed at Cornell University by 
Fullerton and Zinder.  The experiments performed during this research with the Cornell 
culture unequivocally demonstrated that it mineralizes ethene under anaerobic conditions, 
with nearly 90% of the [14C]ethene recovered as 14CO2.  Bradley and Chapelle (6) were 
the first to demonstrate ethene oxidation under sulfate reducing conditions.  However, 
their findings did not result in any information about the microbe responsible.  The 
culture developed by Fullerton and Zinder has been transferred five times in an anaerobic 
mineral salts medium with ethene as the sole carbon and energy source, indicating it is 
stable and can be used for future studies about the microbe responsible and its 
characteristics.   
 The Cornell culture provides an opportunity to make a breakthrough in 
developing methods to evaluate the significance of in situ anaerobic oxidation of ethene.  
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For example, if the microbe turns out to be sufficiently unique, primers for its 16S rRNA 
gene could be used to detect its presence in situ, in much the same way Dehaloloccoides 
are now routinely quantified in field samples as an indication of organohalide respiration 
(25). Likewise, it may now be possible to identify unique genes involved in anaerobic 
ethene oxidation, which would permit development of gene specific primers.  This would 
be analogous to detection in Dehalococcoides of one of the key genes needed for VC 
reduction to ethene (i.e., vcrA and bvcA), which is now routinely done with field samples 
(31).  Furthermore, now that a stable culture is available, it will be possible to use 
compound specific isotope analysis (CSIA) to quantify the extent of change in δ13C when 
ethene undergoes anaerobic oxidation.  CSIA can then be used to help determine if 
ethene is undergoing further reduction to ethane (38), aerobic bio-oxidation, or anaerobic 
bio-oxidation.  Taken together, these tools can be deployed to assess the extent to which 
in situ mass balances for chlorinated ethenes cannot be closed as a consequence of 
biodegradation of ethene.   
 The second category of results yielded equivocal evidence for anaerobic oxidation 
of VC.  The results presented in Figures 3.1-3.4, 3.18, and 3.21 clearly show that 
biodegradation of VC occurred, when compared to the lack of significant VC loss in 
abiotic controls (Figure 3.22).  However, there remains some doubt over whether the 
biotic degradation occurred under aerobic or anaerobic conditions.  Several lines of 
evidence suggest that oxygen contamination may have been responsible.  Methane was 
added to a number of bottles along with VC to serve as a biotic indicator, under the 
presumption that anaerobic oxidation of methane is uncommon.  However, in each of 
those instances, methane was biodegraded along with VC (Figures 3.1-3.4), suggesting 
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both compounds underwent aerobic biodegradation.  In two other treatments, nitrite was 
added along with VC, with the intent of determining if nitrite could serve as an electron 
acceptor for VC bio-oxidation (Figures 3.19, 3.20).  However, VC biodegradation was 
inhibited in those bottles and the nitrite was stoichiometrically oxidized to nitrate.  No 
evidence was found in the literature for anaerobic oxidation of nitrite.  Furthermore, the 
total amount of oxygen needed for nitrite oxidation to nitrate in the serum bottles roughly 
agrees with the total amount needed for aerobic oxidation of VC (data not shown).   
 Nearly one year after several of the M7 microcosms exhibited signs of anaerobic 
VC bio-oxidation, they were permanently moved inside the anaerobic chamber (Figures 
3.1-3.4).  Thereafter, VC biodegradation in the bottle amended with Fe(III)-EDTA 
(Figure 3.3) and with AQDS (Figure 3.4) slowed considerably and consumption of 
methane (albeit at a low level) stopped.  These outcomes also raised concerns about 
oxygen diffusion into the bottles as the explanation for VC biodegradation.  Nevertheless, 
VC biodegradation in the two bottles with nitrate added did continue in bottle #2 (Figure 
3.1), suggesting that activity may be anaerobic.  A lingering concern, however, was the 
low level of hydrogen in the anaerobic chamber for most of this time period; although the 
gas sensor indicated no oxygen was present, it is possible that an insufficient level of 
hydrogen was maintained to ensure that this was an accurate measurement.  GC analysis 
of the chamber atmosphere did detect hydrogen and a trace level of oxygen, in 
comparison to a different chamber (in a different part of the building) in which a higher 
level of hydrogen was maintained.  Thus, in spite of the fact that the bottles were 
incubated in the anaerobic chamber, it cannot be completely ruled out that low levels of 
oxygen diffused in through the septa.   
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 Several considerations support the assertion that VC biodegradation in the M7-A 
microcosms (Figures 3.1, 3.2) and two of the enrichment bottles developed from bottle #2 
(Figures 3.18, 3.21) was anaerobic.  If oxygen did serve as the electron acceptor, then 
biodegradation activity would have been expected to occur in many more bottles, both 
inside and outside the anaerobic chamber; instead, biodegradation occurred in only a 
subset of the bottles.  Presumably oxygen would have had to enter the bottles via 
diffusion, since the amount present at the time of preparation should have been too low; 
the bottles were prepared in the anaerobic chamber and most were then purged with an 
anaerobic gas.  Diffusion through septa is most likely a slow but consistent process; it 
would be expected that the rate of VC biodegradation would closely coincide with the 
rate of diffusion, as Gossett (22) so elegantly demonstrated with oxygen permeation tubes.  
However, in all of the bottles that exhibited VC biodegradation, the onset of activity was 
abrupt and repeat additions were also consumed at a high rate, before activity slowed or 
stopped.  One would expect that if diffusion continued, so too would VC biodegradation.   
 If anaerobic biodegradation did occur, a key unanswered question that remains is 
what served as the electron acceptor?  In the nitrate-amended M7-A microcosms (Figures 
3.1, 3.2), the IC data indicated that nitrate was consumed during the interval when the 
bottles were stored in the anaerobic chamber.  This led to the hypothesis that VC 
oxidation could be occurring in a manner analogous to methane oxidation coupled to 
nitrite reduction, as demonstrated by Ettwig et al. (16, 17).  The pathway for methane 
oxidation that they developed in shown in Figure 5.1a.  A key component of the process 
is the reduction of two moles of nitrite to one mole of N2 plus one mole of O2, which is 
then used as a reactant for a monooxygenase to convert methane to methanol.  All of the 
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subsequent steps in oxidation of the methanol are carried without oxygen.  Thus, the 
process is anaerobic (i.e., oxygen is not added), yet oxygen is internally generated in 
order to satisfy the requirement of the monooxygenase.  The initial reaction for aerobic 
biodegradation of VC and ethene also involves a monooxygenase, forming VC-epoxide 
and ethene-epoxide, respectively (37).  Although the downstream reactions for the 
epoxides is less well known, it is likely that mineralization proceeds without any further 
need for oxygen as a reactant.  Figure 5.1b,c shows how the same pathway used for 
anaerobic methane oxidation coupled to nitrite reduction might be used for VC and 
ethene oxidation.   
 Unfortunately, the results for the enrichment treatments developed with the M7-A 
nitrate amended microcosms (Figures 3.18-3.21) do not support the hypothetical pathway 
for VC shown in Figure 5.1b.  It is conceivable that the lack of activity in the two 
treatments with nitrite added (2 mM) was a consequence of nitrite toxicity.  The main 
uncertainty created by the enrichment bottle results is VC biodegradation in the 
unamended treatment (Figure 3.21), which had less than 0.05 mM nitrate and no nitrite.  
In the absence of nitrate and nitrite, it is unclear what could have served as the electron 
acceptor, if not oxygen.  One possibility that was evaluated was the presence of an 
unrecognized electron acceptor in the groundwater.  However, ICP-OES analysis of the 
groundwater did not reveal any metals that could conceivably serve as electron acceptors 
(data not shown).  Perhaps VC underwent biodegradation via fermentation, so that an 
electron acceptor was not needed.  However, if that were the case, it is unclear why VC 
consumption continued in the nitrate-amended M7-A microcosms but not in those 
60 
 
amended with Fe(III)-EDTA or AQDS; fermentation would be expected to occur equally 
well in any of those treatments, since it wouldn’t rely on an electron acceptor.   
 In summary, a number of the results suggest that anaerobic bio-oxidation of VC 
occurred, but much additional works needs to be done to unequivocally establish that 
oxygen is not serving as the electron acceptor.  Additional research is also needed to 
determine which electron acceptor is used or if fermentation occurs, and to develop an 
enrichment culture that can reliably be transferred to a mineral salts medium when VC 
serves as the sole carbon and energy source.   
 The common thread for the third category of results was the large number of 
microcosms in which anaerobic oxidation of VC and ethene did not occur.  This thesis is 
a continuation of research at Clemson University by Cline (13), Pickens (40), High (28), 
and Reid (41), all with the common goal of developing cultures that anaerobically 
biodegrade VC and ethene.  Over the course of the research, samples of soil and 
groundwater were obtained from 10 sites, and typically multiple locations per site.  In the 
vast majority of the hundreds of microcosms that were prepared, either no activity 
occurred or reduction occurred (both VC to ethene, and ethene to ethane).  A few of the 
bottles have given indications of anaerobic oxidation, but conclusive evidence has not yet 
been obtained, with the exception of the Cornell ethene oxidation culture.  Numerous 
variations in microcosm preparation were attempted, but none resulted in reliably 
favoring oxidative activity.  As such, the attempts to replicate the results obtained by 
Johnson (29) for conversion of ethene to methane were ineffective.  Taken together, these 
results suggest that, to the extent that anaerobic oxidation does occur in situ, it is not an 
especially common process.  An alternative explanation is that the process is common, 
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but the approaches used to replicate it in the laboratory have been inadequate.  Perhaps 
with further understanding of the Cornell ethene culture, it will become clearer how to 














5 5.0 CONCLUSIONS AND RECOMMENDATIONS 
 Four types of cultures were evaluated for their ability to anaerobically oxidize VC 
and ethene as their sole source of carbon and energy.  Based on the results, the following 
conclusions were reached: 
1) The experiments performed during this research with the sulfate reducing culture 
developed by Fullerton and Zinder at Cornell University unequivocally demonstrated that 
it mineralizes ethene under anaerobic conditions, with nearly 90% of the [14C]ethene 
recovered as 14CO2.  This is the first culture developed with the ability to anaerobically 
grow on ethene as its sole carbon and energy source.  The Cornell culture provides an 
opportunity to make a significant breakthrough in developing methods to evaluate the 
extent of in situ anaerobic oxidation of ethene. 
2) Bio-oxidation of VC was observed in a number of microcosms, with activity 
sustained for the longest period of time in a treatment amended with nitrate.  Bio-
oxidation also occurred in an enrichment culture inoculated with one of the microcosms.  
However, the results are considered equivocal, due to uncertainty over the potential role 
of oxygen contamination, most likely via diffusion through the serum bottle septa.  
Several lines of evidence support the hypothesis of oxygen contamination, including bio-
oxidation of methane (an uncommon anaerobic process) along with VC, and oxidation of 
nitrite to nitrate (not known to occur under anaerobic conditions) in several of the 
enrichment bottles.  On the other hand, oxygen contamination seems improbable, 
considering that the bottles were incubated in an anaerobic chamber over the interval 
when VC biodegradation occurred.  Also, the rate of VC biodegradation was often much 
63 
 
faster than would be expected if oxygen was diffusing into the bottles at a slow rate.  If 
anaerobic bio-oxidation did occur, it remains uncertain what the electron acceptor was (or 
if fermentation occurred), since bio-oxidation occurred in enrichment bottles that were 
not amended with nitrate or nitrite, as well as in ones that were amended with nitrate.  
Additional research is needed to conclusively determine the role of oxygen in the 
observed oxidation of VC.   
3) Over the course of this thesis research and prior studies on the same topic by 
students at Clemson University, hundreds of microcosms were prepared with soil and 
groundwater from ten sites, and usually multiple locations from these sites, to evaluate 
the potential for anaerobic oxidation of VC and ethene.  The most common results, 
confirmed in this study, were either no activity or reduction occurred (i.e., VC to ethene, 
and ethene to ethane).  A few of the bottles showed signs of anaerobic VC oxidation, but 
conclusive evidence for this process has not yet been obtained, with the exception of the 
Cornell culture for ethene oxidation.  Numerous variations in microcosm preparation 
were attempted, but none resulted in reliable oxidative activity.  Taken together, these 
results suggest, to the extent that anaerobic oxidation does occur in situ, it is not an 
especially common process.  An alternative explanation is that the process is common, 









The following recommendations are offered for future research.   
1. Key characteristics about the Cornell ethene oxidizing culture need to be 
determined, including identification of the microbe responsible, the pathway used, 
the range of substrates other than ethene that support growth (including VC), the 
stoichiometry of sulfate consumption, kinetics, the degree of δ13C enrichment 
during anaerobic oxidation of ethene, and development of molecular tools for 
quantification of this type of microbe in field samples.   
2. Continued monitoring is recommended for the enrichment bottles that have 
exhibited signs of anaerobic VC oxidation.  Additional steps should be taken to 
further reduce the possibility that oxygen contamination is responsible for the 
biodegradation activity, including maintenance of higher hydrogen levels in the 





















Table 1. 1.  Summary of studies on anaerobic oxidation of cDCE, VC and ethene. 
 
Compound Evaluated Electron Acceptor Evaluated Section  
cDCE VC Ethene O2 Fe(III) Mn(IV) SO42- CO2a HA b Reviewed Reference 
 √   √     1.2 (2) 
√ √   √   √  1.2 (4) 
√ √  √ √  √ √  1.2 (7) 
√   √ -c √    1.2 (11) 
√ √  √    √ √ 1.2 (9) 
 √d       √  1.2 (5) 
 √   √     1.2 (10) 
 √      √  1.2 (8) 
 √      √  1.2 (1) 
  √    √   1.2 (6) 
√ √  √      1.2 (3) 
√ √   √     1.3 (12) 
√ √   √     1.4 (24) 
√ √   √     1.4 (23) 
a Refers to methanogenic and fermentative conditions.   
b Humic acids. 
c Fe(III) was added to determine the impact on Mn(IV) reduction. 
d TCE was also evaluated; it was reductively dechlorinated to cDCE and VC.   
   




Table 2. 1. Summary of microcosms started by Reid and monitored as part of this thesis. 
Type Bottle Name a # Bottles 14C Added 
M7 M7-I-A-NO3-1, 2 2 - 
 M7-I-A-Fe(III)EDTA-1, 2 2 - 
 M7-I-A-AQDS-2  1 - 
 M7-I-B-Fe(III)-1  1 - 
    
M8 M8-I-Fe(III)-1, 2, 3 3 - 
 M8-I-Fe(III)EDTA-1, 2, 3 3 - 
 M8-I-G-1, 3 2 - 
 M8-I-GLF-1, 2, 3 3 - 
 M8-II-AC-1, 2, 3 3 - 
 M8-II-GLF-1, 2, 3 3 - 
 M8-II-Fe(III)-1, 2, 3 3 ethene 
 M8-II-Fe(III)EDTA-1, 2, 3 3 ethene 
 M8-II-SO4-1, 2 2 ethene 
 M8-II-G-1, 2, 3 3 ethene 
    
E7 E7-I-UA-3, 4 2 VC 
    
E9 SO4-1, 2, 3, 4 4 ethene 
    
E10 E10-1, 2, 3 3 ethene 
 E10-4, 5, 6 3 - 
a NO3 = nitrate; G = glucose; GLF = glucose + L-asparagine + ferric citrate; SO4 = 






Table 2. 2. Summary of treatments for SRS microcosms.a 
Treatment b VC Ethene Ethane Nitrate Sulfate Fe(III) Fe(III)-EDTA AQDS 
UN-VC 41.2 - - - - - - - 
UN-ETE - 165 - - - - - - 
UN-VC+ETE 41.2 165 - - - - - - 
UN-ETE+ETA - 165 165 - - - - - 
NO3-VC 41.2 - - 82.4 - - - - 
NO3-ETE - 165 - 396 - - - - 
NO3-VC+ETE 41.2 165 - 478 - - - - 
NO3-ETE+ETA - 165 165 396 - - - - 
FeED-VC 41.2 - - - - -- 412 - 
FeED-ETE - 165 - - - - 1,978 - 
FeED-VC+ETE 41.2 165 - - - - 2,390 - 
FeED-ETE+ETA - 165 165 - - - 1,978 - 
Fe-VC 41.2 - - - - 412 - - 
Fe-ETE - 165 - - - 1,978 - - 
Fe-VC+ETE 41.2 165 - - - 2,390 - - 
Fe-ETE+ETA - 165 165 - - 1,978 - - 
AQDS-VC 41.2 - - - - - - 206 
AQDS-ETE - 165 - - - - - 989 
AQDS-VC+ETE 41.2 165 - - - - - 1,195 
AQDS-ETE+ETA - 165 165 - - - - 989 
Fe+AQ-VC 41.2 - - - - 412 - 206 
Fe+AQ-ETE - 165 - - - 1,978 - 989 
Fe+AQ-VC+ETE 41.2 165 - - - 2,390 - 1,195 
Fe+AQ-ETE+ETA - 165 165 - - 1,978 - 989 
SO4-VC 41.2 - - - 51.5 - - - 
SO4-ETE - 165 - - 247 - - - 
SO4-VC+ETE 41.2 165 - - 299 - - - 
SO4-ETE+ETA - 165 165 - 247 - - - 
AC-VC 41.2 - - - - - - - 
AC-ETE - 165 - - - - - - 
AC-VC+ETE 41.2 165 - - - - - - 
AC-ETE+ETA - 165 165 - - - - - 
a Amounts shown are µmol/bottle.  















Figure 3.1. Microcosm results for M7-I, Set A, amended with NO3, bottle #2 (M7-I-A-



























t=266:  added resazurin; turned pink 
t=358: pink 
t=355: bottle moved permanently to the anaerobic chamber 





























Nitrate Addition Measured, Nitrate (AS23)





Figure 3.2. Microcosm results for M7-I, Set A, amended with NO3, bottle #1 (M7-I-A-



























































Nitrate addition Measured, Nitrate (AS23)




Figure 3.3. Microcosm results for M7-I, Set A, amended with Fe(III)-EDTA for bottle a) 

























cDCE VC Ethene Methane
t=311:  added resazurin; turned blue 




























cDCE VC Ethene Methane







































cDCE VC Ethene Methane
t=266: added resazurin; turned pink 
t=355:  bottle kept in glove box at all times 
t=358: pink 









































Figure 3.6. Microcosm results for M8, Set I, amended with amorphic Fe(III) for bottle a) 
#1 (M8-I-Fe(III)-1); b) #2 (M8-I-Fe(III)-2); and c) #3 (M8-I-Fe(III)-3).  ).  Circles 
around the symbols for ethene indicate values that were measured with the Carbosieve 


























































































































Figure 3.7. Microcosm results for M8, Set I, amended with Fe(III)-EDTA for bottle a) #1 
(M8-I-Fe(III)EDTA-1); b) #2 (M8-I-Fe(III)EDTA-2); and c) #3 (M8-I-Fe(III)EDTA-
3).  ).  Circles around the symbols for ethene indicate values that were measured with the 























































































































Figure 3.8. Microcosm results for M8, Set I, amended with glucose, for bottle a) #1 (M8-IA-
Glucose-1); and b)  #3 (M8-IA-Glucose-3).  ).  Circles around the symbols for ethene indicate 
values that were measured with the Carbosieve SII column, rather than the Carbopack B column;  














































































Figure 3.9. Microcosm results for M8, Set I, amended with glucose, L-asparagine, and 
ferric citrate for bottle a) #1 (M8-I-GLF-1); b) #2 (M8-I-GLF-2); and c) #3 (M8-I-GLF-
3).  Circles around the symbols for ethene indicate values that were measured with the 
























































































































Figure 3.10. Microcosm results for M8, Set II, autoclaved controls (M8-IIA-AC), 

















































Figure 3.11. Microcosm results for M8, Set II, amended with glucose, L-asparagine, and 
ferric citrate (M8-IIA-GLF), average of triplicate bottles.  Error bars represent one 
standard deviation.  Circles around the symbols for ethene indicate values that were 













































 Figure 3.12. Microcosm results for M8, Set II, amended with amorphic Fe(III) for bottle 
a) #1 (M8-IIA-Fe(III)-1); b) #2 (M8-IIA-Fe(III)-2); and c) #3 (M8-IIA-Fe(III)-3).  Circle 
around the symbols for ethene indicate values that were measured with the Carbosieve 



















































































































Figure 3.13. Microcosm results for M8, Set II, amended with Fe(III)-EDTA for bottle a) 
#1 (M8-IIA-Fe(III)-EDTA-1); b) #2 (M8-IIA-Fe(III)-EDTA-2); and c) #3 (M8-IIA-
Fe(III)-EDTA-3).  Circles around the symbols for ethene indicate values that were 





















































































































Figure 3.14. Microcosm results for M8, Set II, amended with sulfate, for bottle a) #1 













































































Figure 3.15. Microcosm results for M8, Set II, amended with glucose (M8-IIA-G), 
average of triplicate bottles.  Error bars represent one standard deviation. Circles around 
the symbols for ethene indicate values that were measured with the Carbosieve SII 




















































Figure 3.16. Results for enrichment culture E10 (E10-UA), average of triplicate bottles 



















































Figure 3.17. Results for enrichment culture E10 for bottle a) #4 (E10-UA-4); b) #5 (E10-














































































































Figure 3.18. Enrichment culture derived from the first transfer of microcosm M7-I-A-
NO3-2, amended with nitrate, average of triplicate bottles for a) VC; and b) nitrate, 



































































Nitrate addition Measured, Nitrate





Figure 3.19. Enrichment culture derived from the first transfer of microcosm M7-I-A-
NO3-2, amended with nitrite, average of triplicate bottles for a) VC; and b) nitrate, nitrite 




































































Nitrite addition Measured, Nitrate





Figure 3.20. Enrichment culture derived from the first transfer of microcosm M7-I-A-
NO3-2, amended with nitrate and nitrite, average of triplicate bottles for a) VC; and b) 





































































Nitrate + Nitrite addition Measured, Nitrate

























Figure 3.21. Enrichment culture derived from the first transfer of microcosm M7-I-A-
NO3-2, unamended, average of triplicate bottles for a) VC; and b) nitrate, nitrite and 





































































Figure 3.22. SRS microcosm results for the autoclave controls, average of triplicate 
bottles for a) VC added (AC-VC); and b) VC + ethene added (AC-VC-ETH).  Error bars 































































































Figure 3.23. SRS microcosm results for the autoclave controls, average of triplicate 
bottles for a) ethene added (AC-ETH); and b) ethene + ethane added (AC- ETH-ETA).  























































































































Figure 3.24. SRS microcosm results for the unamended treatment, average of triplicate 
bottles for a) VC added (Unamended-VC); and b) VC + ethene added (Unamended-VC-













































































































Figure 3.25. SRS microcosm results for the unamended treatment, average of triplicate 
bottles for a) ethene added (Unamended-ETH); and b) ethene + ethane added 
































































































Figure 3.26. Summary of results for the SRS microcosms in terms of a) total VC 






































































Figure 3.27. Summary of results for the SRS microcosms in terms of a) total terminal 








































































Figure 3.28. Results for the Cornell ethene oxidizing sulfate-reducing culture in Balch 
tubes containing a) live culture #1; b) live culture #2; and c) uninoculated medium 













































































Figure 3.29. Summary of results for the fate of [14C]ethene added to the Cornell ethene 
oxidizing sulfate-reducing culture in Balch tubes; Samples A and B = live culture; 





























Figure 5.1. Proposed pathways for anaerobic oxidation of a) methane; b) VC; and c) 





























































Appendix A:  Supplemental Information for Chapter 2 
 
Appendix A.1:  Ettwig Medium 
 
Table A.1. Mineral medium from Ettwig et al. (16).   









KHCO3 100.12 1.5 - - 14.98 
KH2PO4 136.09 0.05 - - 0.37 
NaNO2 69.00 20.7 - - 300 
NaNO3 84.99 25.49 - - 300 
CaCl2·2H2O 218.99 0.30 - - 1.37 
MgSO4·7H2O 246.47 0.20 - - 0.81 
 
Acidic Trace 
Element (100 mM 
HCL)   100 0.5  
FeSO4·7H2O 278.01 2.085 - - 0.0037 
ZnSO4·7H2O 287.56 0.07 - - 0.0001 
CoCl2·6H2O 237.93 0.12 - - 0.0003 
MnCl2·4H2O 197.84 0.50 - - 0.0013 
CuSO4 159.61 0.32 - - 0.0010 
NiCl2·6H2O 237.61 0.095 - - 0.0002 
H3BO3 61.83 0.01 - - 0.0001 
 
Alkaline Trace 
Element (10 mM 
NaOH)   10 0.2  
SeO2 110.96 0.07 - - 0.0001 
Na2WO4·2H2O 306.86 0.05 - - 0.0000 






Protocol for Preparing the Ettwig et al. Medium 
 
-Nitrate Stock Solution (NaNO3 300 mM) 
In a 100ml volumetric flask, add 2.549 g of NaNO3, and fill to 100 mL with DDI water. Transfer 
mixed solution into 120 mL serum bottle, cap and crimp bottles, and then autoclave for 70 
minutes. 
 
-Nitrite Stock Solution (NaNO2 300 mM) 
 In a 100ml volumetric flask, add 2.070 g of NaNO2, and fill to 100 mL with DDI water. 
Transfer mixed solution into 120 mL serum bottle, cap and crimp bottles, and then autoclave for 
70 minutes. 
 
-Acidic Trace Element Solution (HCl 100 mM) 
Prepare a 0.1 M solution of HCl by adding 8.3 mL of concentrated HCl to 500 mL of water and 
then dilute to 1 L. 
 
In a 100 mL volumetric flask, add  
• 50 mL of the 0.1 M HCl 
• .2085 g of FeSO4 7H2O,  
• .0068 g of ZnSO4 7H2O,  
• .012 g of CoCl2 6H2O,  
• .050 g of MnCl2:4H2O,  
• .032 g of CuSO4,  
• .0095 g of NiCl2:6H2O, and  
• .0014 g of H3BO3.  
Then fill to 100 mL with the 0.1 M HCl solution. 
 
-Alkaline Trace Element Solution (NaOH 10 mM) 
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Prepare a 0.010 M solution of NaOH by adding 0.40 g of NaOH to 500 mL of water and then 
dilute to 1 L. 
 
In a 100 mL volumetric flask, add  
• 50 mL DDI water 
• 0.040 g NaOH (make sure it all dissolves before proceeding) 
• .007 g of SeO2,  
• .005 g of Na2WO4 2H2O, and  
• .024 g of NaMoO4.  
Then fill to 100 mL with DDI water. 
-Media Preparation 
In a 1 L volumetric flask, add  
• 500 mL DDI water 
• 1.500 g of KHCO3,  
• 0.050 g of KH2PO4,  
• 0.300 g of CaCl2:2H2O,  
• 0.200 g of MgSO4 7H2O 
• 1.07 mL of 2 g/L stock solution of resazurin 
Fill to 1 L with DDI, transfer to a 1 L bottle and autoclave for 70 minutes on slow release. After 
cooling, use a 0.2 µm filter to filter in 0.5 mL of acidic trace solution, and 0.2 mL of alkaline 
trace solution into media and mix aseptically. 
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Appendix A.2: SRS Microcosm Summary 
Table A.2. Summary of SRS microcosms and TEA added 
 
Content 
















(µmol/btl) Treatment Soil (g) 
GW 
(mL) (mL/btl) (mL/btl) (mL/btl) (g/btl) (g/btl) 




Appendix A.3: Carbopack and FID 
Table A.3.1. GC FID response factors for microcosms without sediment (from Reid). 








(µmol/btl to µM) 
Conversionb 
Factor 
(µmol/btl to mg/L) 
Methane 0.466 1.9317E-06 9.99592E-01 0.01401 0.00022 
Ethene 0.684 1.2687E-06 9.99996E-01 1.87126 0.05240 
Ethane 0.777 1.0751E-06 9.99966E-01 0.87873 0.02636 
VC 2.658 2.7328E-06 9.99910E-01 6.23455 0.38966 
 a PAU = peak area units.  
















Figure A.3.1. GC FID Response curves for methane a) methene b); ethene; c) ethane; and d)  VC, 



























































































Appendix A.3.2  Carbopack and FID 








(µmol/btl to µM) 
Conversionb  
Factor 
(µmol/btl to mg/L) 
Methane 0.489 1.5234E-06 9.982E-01 0.0085 0.0001 
Ethene 0.719 9.2068E-07 9.977E-01 1.3042 0.0365 
Ethane 0..822 6.9984E-07 9.941E-01 0.5673 0.0170 
VC 2.793 2.2285E-06 9.998E-01 6.6821 0.4176 
 a PAU = peak area units.  
 b Based on liquid volume of 75 mL and gas volume of 45 mL at 23ºC. 
 
 
Figure A.3.2. GC FID response curves for methane, ethene, ethane, and VC; no sediment present 
in serum bottles (75 mL liquid and 45 mL headspace). 
 
 
y = 1.523E-06x 
R² = 9.982E-01 
y = 9.207E-07x 
R² = 9.977E-01 
y = 6.998E-07x 
R² = 9.941E-01 
y = 2.228E-06x 






























Appendix A.3.3  Carbopack and FID 








(µmol/btl to µM) 
Conversionb  
Factor 
(µmol/btl to mg/L) 
Ethene 0.721 1.5660E-06 9.970E-01 1.3042 0.0365 
 
 a PAU = peak area units.  
 b Based on liquid volume of 10 mL and gas volume of 10 mL at 23ºC. 
 
Figure A.3.3. GC FID response curve for ethene with no sediment present in the Balch tubes (10 







y = 1.627E-06x 
























Appendix A.4.1:  IC Standards and Response Factors 
Table A.4.1. IC Response Factor for Nitrate and Sulfate. 
Date  










4/14/2012 0.1777 0.9987 0.1523 0.9955 0.0721 0.9966 
5/1/2012 0.1770 0.9987 0.1454 0.9973 0.0720 0.9971 
5/9/2012 0.1720 0.9987 0..1454 0.9958 0.0685 0.9969 
6/2/2012 0.1696 0.9985 0..1377 0.9951 0.0660 0.9965 
6/11/2012 0.2188 0.9949 0.1924 0.9922 0.0876 0.9942 
6/26/2012 0.1988 0.9979 0.1669 0.9947 0.0770 0.9963 
7/10/2012 0.1759 0.9983 0.1458 0.9959 0.0686 0.9971 
       
 
Figure A.4.1. IC calibration  curve for a) nitrite; b) nitrate; and c) and sulfate from 7/10/12 on the 
Dionex IonPac® AS11 Anion-Exchange Column. 
y = 0.17593708x 




























y = 0.14576830x 




























y = 0.06861431x 































Appendix A.4.2:  Fe(II) and AH2QDS Standards and Response Factors 
 
Table A.4.2. Response Factor for Fe(II) and AH2QDS. 







02/01/2012 95.823 0.9968 0.6972 0.9148 
04/18/2012 89.443 0.9968   




Figure A.4.2. Response Factor Curve for Fe(II) (a) AH2QDS (b). 
y = 89.443x 




















Absorbance (562 nm) 
y = 0.808x 


















Absorbance (460 nm) 
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9 Appendix B:  Supplemental Information for Chapter 3 
Appendix B.1.1:  Summary of 14C results 
Table B.1.1.  Summary of 14C results
 
 






(dpm/bottle) % NSR 
% 
CO2 
14C-VC 1 E7-I VC - 96,052 0.82% 2.68% 
14C-VC 2 E7-I VC - 513,287 0.17% 0.52% 
WC-1 E7-I VC - 500,119 0.52% 0.15% 
WC-2 E7-I VC - 539,693 0.12% 0.27% 
CRP48-Lac1.3 E9 and M9 Ethene 167,681 134,256 0.83% 1.44% 
CRP48-Lac1.4 E9 and M9 Ethene 180,653 167,832 0.83% 0.75% 
CRP48-Lac6.1 E9 and M9 Ethene 168,257 45,648 1.31% 1.46% 
CRP48-Lac6.2 E9 and M9 Ethene 165,917 29,572 6.22% 8.71% 
B-1.1 #1 E10 Ethene - 67,363 0.27% 1.11% 
B-1.1 #2 E10 Ethene - 74,216 0.62% 0.66% 
B-1.1 #3 E10 Ethene - 66,131 0.52% 0.78% 
14C-SO4 1 M8-II Ethene 64,446 63,197 0.45% 2.17% 
14C-SO4 2 M8-II Ethene 54,505 54,531 0.00% 2.51% 
14C-FeIIIEDTA 1 M8-II Ethene 64,535 65,770 0.40% 0.27% 
14C-FeIIIEDTA 2 M8-II Ethene 56,370 62,544 0.05% 0.32% 
14C-FeIIIEDTA 3 M8-II Ethene 56,406 56,552 0.40% 0.35% 
14C-FeIII 1 M8-II Ethene 96,703 99,352 0.60% 0.12% 
14C-FeIII 2 M8-II Ethene 95,862 90,231 0.00% 0.04% 
14C-FeIII 3 M8-II Ethene 57,063 65,233 0.32% 0.17% 
C14-Glucose 1 M8-II Ethene 40,982 53,601 1.05% 0.18% 
C14-Glucose 2 M8-II Ethene 42,829 53,367 0.00% 0.00% 
C14-Glucose 3 M8-II Ethene 35,603 49,262 0.55% 0.30% 
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